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We are now witnessing changing environmental conditions and these changes will
likely continue into the coming decades due to projected increases in temperatures on the
earth surface. Recent model projections suggest that the global mean surface air
temperatures will increase by 1.4 to 5.8 °C by 2100. The consequences of these high
temperatures include reductions in crop yields. Soybean is one of the major crops grown
in the US, where high temperatures (>35 °C) during reproductive growth decreased yield.
Two experiments were conducted to determine the effects of temperature on soybean
pollen germination properties and identify responses to temperature among genotypes.
Pollen collected from 44 genotypes grown outdoors in large pots was subjected to
in vitro temperature treatments that varied from 15 to 50 °C at 5 °C increments in
Experiment I. The mean cardinal temperatures (Tbase, Topt, and Tmax), averaged over
44 genotypes, were 13.2, 30.2 and 47.2 °C for pollen germination and 12.1, 36.1 and 47.0
°C for pollen tube growth. The relationship between Tbase and Topt for pollen

germination was high indicating that genotypes with high Tbase also had higher Topt.
The relationship was weak between Tbase and Tmax. The Topt for pollen tube growth
was 5.8 °C higher than the Topt for pollen germination. The study also showed
significant genotypic variability for physiological parameters studied, but no significant
correlations between the observed physiological parameters with any of the pollen
germination or pollen tube growth parameters w0ere studied. This indicated that
physiological parameters, measured under ambient conditions may not be useful to
identify reproductive tolerance to high temperatures in soybean. Total response index
(TSRI), the sum of individual responses of all pollen parameters differentiated genotypes
and their tolerance to high temperature. A heat-tolerant genotype (DG 5630RR)
identified using TSRI technique, when grown at optimum and high temperature
conditions in experiment II, were actually less sensitive to high temperatures compared to
heat-sensitive and heat-intermediate sensitive genotypes indicating that pollen can be
used as screening tool for heat tolerance. The identified high-temperature tolerant
genotypes, based on pollen germination parameters, might be useful in current and future
soybean breeding programs.
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CHAPTER I
INTRODUCTION
The world today is faced with great challenges to produce adequate food, fiber,
feed, industrial products and ecosystem services for the globe’s 6.4 billion people. With
nearly 80 million people are being added every year, and ecosystem goods and services
must be developed to meet 8 billion by the year 2025 and over 12 billion by 2050. About
84% of this growth is expected to occur in the developing countries. Since there is
essentially no new arable land that can be cultivated, the increased food supply must
come primarily from more intensive cultivation of existing arable land. Added to these
stresses comes a threat – global climate change resulting from increased greenhouse gas
concentrations in the atmosphere due to anthropogenic activities. Global surface
temperature has increased by more than 0.6 °C because of anthropogenic climate-forcing
agents since the Industrial Revolution (Hansen and Sato, 2004). Future increases in
greenhouse gases are projected to increase Earth’s surface temperature to anywhere
between 1.5 to 11 °C by the year 2100 (Stainforth et al., 2005). It was shown that the
changes projected in climate will have profound impacts on crop production as evidenced
from studies using field and controlled-environments and modeling exercises
(Rosenzweig and Parry, 1994; Reddy and Hodges, 2000). Lobell and Asner (2003)
evaluated the relationship between climate variation and crop production on two major
crops (corn and soybean) grown in the United States between the years 1982 to 1998 and
1

reported that for every 1 °C rise in temperature, there was an average 17% decrease in

2

yield. In addition, extreme temperatures during flowering period will have even more
severe effects on crop yield than just rise in season-long temperature conditions (Hall,
1992; Reddy et al., 1992, 1999). Therefore, extensive research has been carried out to
quantify the effect of increasing temperature on crop production. Fruit set in many
agronomic crops is sensitive to supra-optimal temperatures; cotton (Reddy et al., 1991,
1992), bell pepper (Erickson et al., 2001), corn (Herrero and Johnson, 1980), tomato
(Peet et al., 1998; Sato et al., 2002), bean (Porch and Jahn, 2001), groundnut (Prasad et
al., 1999; 2003), soybean (Ferris et al., 1998), common bean (Gross and Kigel, 1994),
and cowpea (Ahmed et al., 1993).
Soybean (Glycine max L. Merill) is an important legume cash crop grown for its
oil and protein with over 74.4 Mha worldwide and 29.3 Mha in the United States
(http://www.fao.org, September, 2005). For example, during 2003, the United States
grew about 29.7 million hectares of soybean and produced 2.41 billion bushels of grain
(USDA, 2004). Therefore, soybean crop production is extremely important to the
economic structure of the global food network, especially the United States. First
domesticated in Northeast parts of China, conventional and genetically modified cultivars
of soybean have been adapted and commercially cultivated in all climatic zones of USA
and in all populated continents of the world. Genotypes were grouped have been into 13
maturity groups ranging from 000 to XI distributed from Canada to the southern border
of the USA based on latitude (Poehlman and Sleper, 1995). Most US genotypes were

derived from a small number of ancestral soybean cultivars brought to the USA in the
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early 1900s (Carter et al., 1993), indicating a small genetic pool.
Soybean is sensitive to the changes in day-length and temperature (Carlson and
Lersten, 1987; Allen and Boote, 2000). Therefore, soybean breeders and researchers have
routinely selected genotypes that are most responsive to a combination of day-length and
temperatures for a given niche environment (Martineau et al., 1979). Selection for high
temperature tolerance has also occurred in crops such as bean (Halterlein et al., 1980) and
tomato (El-Ahmadi and Stevens, 1979). Vegetative growth was stimulated by increasing
temperature, as was leaf and canopy photosynthesis (Boote et al., 1997). However,
reproductive growth leading to seed yield was often depressed by the same increases in
temperature that enhanced vegetative growth and development. A temperature of 30 °C
was shown to be optimum for growth and development in soybean (Raper and Kramer,
1987), while temperatures between 33 and 40 °C reduced growth (Vu et al., 1997). When
plants were exposed to temperatures of 35 °C for 10 h during the day, soybean yield
reductions of about 27% were observed (Gibson and Mullen, 1996). Flower initiation
was reduced by temperatures more than 32 °C (Borthwick and Parker, 1940) and delayed
seed formation at 40 °C (Pan, 1996; Thomas et al., 2003).
Pollen grains are developed within the anther and at maturity contain the products
of both sporophytic and gametophytic gene expression (Taylor and Hepler, 1997). They
act as independent functional units once released from anthers and are exposed to
multiple environmental stresses. Under humid conditions in the southern USA, soybean
anther dehiscence occurs between 0800 and 1000 h. Therefore, high temperatures during

flowering or short episodes of high temperature during pollen release and germination
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may more severely affect male reproductive processes than the deeply seated ovules.
High temperatures during flowering have been shown to affect pollen germination, tube
growth, and fertilization in numerous crops (Porch and Jahn, 2001; Frankel and Galun,
1977; Monterroso and Wein, 1990; Weaver and Timm, 1988). Pod yield, the number of
flowers produced, and proportion of flowers that were fertilized and retained, were
reduced by high temperatures in groundnut (Prasad et al., 2001). Pollen abnormalities
were observed in soybean (Koti et al., 2004), snap bean (Suzuki et al., 2001), and
common bean grown in high temperatures (Porch and Jahn, 2001; Gross and Kigel,
1994). With high temperatures, early degeneration of the tapetal layer occurred in the
anthers of snap bean (Suzuki et al., 2001). Recent studies have shown that
microsporogensis was more sensitive to high temperature than megasporogenesis, leading
to lowered fruit set (Cross et al., 2003; Young et al., 2004). Lower pod and seed set were
related to nonviable pollen, unsuccessful anther dehiscence, and pollen shed in corn
(Schoper et al., 1987) and tomato (Sato et al., 2000) resulting in reduced pollen tube
penetration into the stigma and weakened female performance (Gross and Kigel, 1994).
In vitro pollen studies for both pollen germination and pollen tube length in
groundnut and cotton genotypes were varied in their responses to base (Tbase), optimum
(Topt), and maximum (Tmax) temperatures (Kakani et al., 2002, 2005). Differences in
these cardinal temperatures have been used as screening techniques for tolerance or
sensitivity of cotton and groundnut genotypes to high temperature (Kakani et al., 2002,
2005; Craufurd et al., 2003). To date, there have been no studies conducted to specifically

document in vitro pollen germination and pollen tube growth technique for screening
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soybean genotypes to high temperatures. Also, studies describing the variation in cardinal
temperatures for reproductive parameters in any soybean genotype or whether genotypic
variation exists in pollen responses to temperature are lacking. Therefore, identifying
cardinal temperatures for pollen germination and pollen tube growth and developing
temperature dependent functional responses for these processes will be useful for
understanding mechanisms of temperature-tolerance in soybean and to provide a much
needed database for modeling soybean growth and yield. Finally, this information will
aid in cultivar selection based on niche environments. As Earth’s surface temperatures
are projected to rise, a global search for genetic material that is more tolerant to abiotic
stresses, especially higher temperatures is needed for soybean.
Physiological parameters that have been widely used to study plant tolerance to
high temperature include photosynthesis rates, stomatal conductance, chlorophyll
fluorescence (Srinivasan et al., 1996; Vu et al., 1997), and cell membrane thermostability
(CMT) (Bouslama and Shapaugh, 1984; Martineau et al., 1979; Srinivasan et al., 1996;
Ashraf et al., 1994; ur Rahman et al., 2004). Photosynthetic rates were considered as
good indicators of thermo-tolerance in maize at the seedling stage under heat stress
(Karim et al., 2000). CMT has been used as a measure of heat-tolerance in several crops
including rice (Tripathy et al., 2000), soybean (Martineau et al., 1979), potato, and
tomato (Chen et al., 1982). CMT in rice has been used as a major selection index for
drought tolerance in cereals (Tripathy et al., 2000). Furthermore, CMT was found to be
positively and significantly correlated with biomass and yield under stress conditions but

not with biomass or yield under non-stress conditions (ur Rehaman et al., 2004). Also,

6

cultivars showing higher CMT yielded better than the cultivars with lower CMT in crops
such as wheat (Fokar et al., 1998; Reynolds et al., 1994) and cotton (Malik et al., 1999; ur
Rahman et al., 2004). However, recent studies showed that CMT was not correlated with
pollen germination under high temperature in groundnut and cotton (Kakani et al., 2002,
2005; Craufurd et al., 2003). Thus, it would be helpful to understand the relationships
between pollen parameters such as pollen germination and tube length and physiological
parameters such as photosynthesis, stomatal conductance, pigments and CMT in different
crops and in particular, soybean genotypes.
Therefore, the objectives of this research were to (i) quantify the responses of in
vitro pollen germination and pollen tube growth to temperature, (ii) determine cardinal
temperatures of each genotype and classify genotypes based on their tolerance to
temperature, (iii) understand the morphological disturbances of pollen when plants are
exposed to high temperature, (iv) determine whether the observed genotypic variation in
reproductive parameters is correlated vegetative parameters such as photosynthetic rates,
photosynthetic pigments and cell membrane thermostability, and (v) classify genotypes
as tolerant, intermediate or sensitive to high temperature. An additional objective of this
study was to determine the basis of tolerance or sensitivity of the genotypes to high
temperature.

CHAPTER II
LITERATURE REVIEW
Origin and Distribution of Soybean
Soybeans cultivation has spread widely from its center of origin in the north and
northeastern areas of China, where it has been grown since 2500 B.C. In the late 1700s,
soybean was introduced sporadically into the United States. The soybean growing region
is part of the temperate climate of northern of China and was formally called the Chinese
soybean or Manchurian bean (Morse, 1950). Though it has been referred by numerous
botanical names, in 1948, Ricker and Morse coined the botanical name to the
domesticated soybean wild types as Glycine max (L.) Merrill, which originated from G.
soja. The crop is adapted to latitudes of 0° to 50° and altitudes of less than 1000 m.
Soybean is an annual crop and produces more protein and oil per unit of land than any
other crop. The average composition of today’s soybean is 40% protein, 21% oil, 34%
carbohydrate, and 5% ash. Soybean cultivation has been on the increase and with
worldwide production increasing by approximately 400% over the last forty years; in
2003, about 37% of world production was from the United States (FAO, 2005).

7

Climate Change and Temperature Effects

8

The world today is faced with great challenges to produce adequate food, fiber,
feed, industrial products, and ecosystem services for the globe’s 6.4 billion people
(http://www.usaid.gov/pubs/apr96/ch1.pdf). Future projections indicate that if the human
population continues to rise, and the earth will be inhabited by anywhere between 7.4 to
10.6 billion people by the year 2050 (United Nations, 2003). It has been estimated that
pressure from global population will cause the demand for cereals and grains to escalate
additional 40% by 2020 (Duvick and Cassman, 1999), or an annual-average increase of
1.3%. Furthermore, per capita food consumption rates are also steadily increasing around
the world, particularly in developing countries with increasing incomes. Since there is
essentially no new arable land that can be cultivated, the increased food supply must
come primarily from more intensive cultivation of existing arable land. Kendall and
Pimentel (1994) points out that when population and food consumption rate increases are
accounted, then the food production will need to triple by the 2050.
In addition, gaseous emissions from human activities are substantially increasing
the concentrations of atmospheric greenhouse gases, which have increased and will
increase average world temperature. The increase in CO2 and other greenhouse gases
concentrations since the Industrial Revolution has resulted in 0.6 °C increase of the earths
mean temperature (Hansen and Sato, 2004). Recent model projections suggest that the
global mean surface air temperatures will increase by 1.4 to 5.8 °C by 2100 (Houghton et
al., 2001; IPCC, 2001). A recent study indicated that the projected temperatures may
range from 1.5 to 11 °C by the year 2100 (Stainforth et al., 2005). The current model
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simulations indicate more intense, more frequent and a longer lasting summer heat-waves
over North America and Europe (Meehl and Tebaldi, 2004) in the coming years.
Increasing temperatures will result in a substantial reduction in crop yields, especially if
they coincide with the flowering stage of crops. In 2003, Europe experienced a 6 ºC
increase over the long-term mean temperature and a 50% decrease in precipitation
resulting in crop yield losses of up to 36% (Ciais et al., 2005). It was shown that changes
projected in climate will have profound impacts on crop production as evidenced from
studies using field and controlled-environmental studies and modeling exercises
(Rosenzweig and Parry, 1994; Reddy and Hodges, 2000). Therefore, it is essential to
protect crop yields both in the present as well as in the future climates.
Maturity Groups and Plant Types of Soybeans
Soybean is a short day plant and was the first species in which photoperiod
sensitivity was discovered with cultivars differing in critical day length (Garner and
Allard, 1920) and temperature (Carlson and Lersten, 1987). Soybean is classified by
maturity groups based on differences in day length conditions. Thirteen maturity groups
have been established for soybean cultivars grown in the United States and the Canada
(Poehlman and Sleper, 1995). Soybean cultivars range from Group 000, adapted to the
longer day lengths of the northern United States and southern Canada to Group VIII
grown in the southern part of the United States (Johnson and Bernard, 1962). Recently,
those that flower after Group VIII were identified as Group IX. Figure 1 shows the
geographical distribution of the 13 maturity groups of soybean according to their latitude
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(Poehlman and Sleper, 1995). Most soybean cultivars respond to photoperiod as
quantitative short-day plants and are adapted for production in a narrow band of latitudes.
The soybean plant has a juvenile stage after emergence when it is especially sensitive to
temperature and insensitive to day length (Hodges and French, 1985).
Soybean cultivars are classified as determinate and indeterminate types according
to their reproductive stage and differences due to genetic variation. Groups 000 to IV
represent the indeterminate growth habit: flowering starts before stem elongation ceases,
in the oldest and lowest nodes, and moves up to the youngest nodes over several weeks.
Indeterminate flowering cultivars tend to be more clustered. Varieties within Groups V to
IX are mostly of the determinate growth habit and all nodes flower at the same time
repeatedly. Most determinate cultivars grown in the United States have long racemes
with two to thirty-five flowers each (Hodges and French, 1985). The determinate type is
adapted to a long growing season, in which the soybean plant completes vegetative
growth before or shortly after flowering is initiated.

Figure 1. Map showing the different maturity groups of soybean grown in the United
States and Canada (Poehlman and Sleper, 1995).

Temperature Effects on Soybean Growth
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Plant growth is a concert of numerous processes that differ in temperature optima
and temperature range. Growth results in an increased volume and size. Yield depends on
the amount of assimilate that is transported to the harvested organ. The increase in
agricultural yields is mainly attributed to the improvement of the harvest index, or the
harvested yield to shoot ratio mass known through breeding programs. Breeding efforts
to increase the partition of assimilates to storage organs of interest have been very
successful. However, when exposed to environmental stresses, several physiological
processes that contribute to crop yield are affected by resulting in lower yield.
Photosynthesis
One of the causes for yield improvement in soybean seems to be enhanced leaf
photosynthesis through increased leaf area and duration. High temperature, as an
environmental stress, modifies soybean photosynthesis as it regulates the photosynthetic
biochemistry. The measurement of leaf photosynthetic rates of soybean grown in field
has been reported between 30 and 40 µmol m-2 s-1 (Lauer and Shibles, 1987). Hofstra and
Hesketh (1969) reported that photosynthesis of soybean leaves increase with
temperatures > 35 °C and declines above 40 °C. Soybean normally produces more
flowers than pods, and yield is relatively unaffected by which flowers become pods. The
number of pods that successfully mature will mainly be a result of the amount of
photosynthate available during pod-set. During the seed-fill period, less photosynthate
supply results in pod abortion. In contrast, more photosynthate supply will prolong
flowering up to three weeks. Photosynthesis is extremely sensitive to high temperature

12
stress, especially during the reproductive stage. Ashley and Boerma (1989) and Ferris et
al. (1998) found reductions in seed production which coincided with photosynthesis
during flowering and seed filling. Photosynthesis was considered an indicator of
thermotolerance in maize at the seedling stage during heat stress conditions (Karim et al.,
2000).
Dry Matter Accumulation
Dry matter is the culmination of several plant growth and developmental
processes. The amount of dry matter accumulated in soybean per unit input (light, water
and nutrients) determines the efficiency of the production system. Temperature above or
below an optimum value reduces dry weight or biomass accumulation. With air
temperatures above 30 °C, dry matter accumulations in whole plants begin to decline in
soybean (Raper et al., 1977). Increasing temperature affects dry matter accumulation due
to direct on leaf initiation (Thomas and Raper, 1976) and indirect effects of increased leaf
water deficits on leaf expansion (Hsiao, 1973), as well as the metabolic level of
photosynthesis and respiration. Temperatures above 38 °C during the day reduced dry
matter production (Craufurd et al., 1999; Prasad et al., 1999) and decreased biomass by
25% at 35 °C (Wood, 1968) to 50% at 45 °C (Wheeler et al., 1997) in groundnut.
Partitioning to Pod Growth
The fluctuation in air temperature that we witness today affects plant growth
through altered partitioning of photosynthate between organs (Wann and Raper, 1984).
Pod yield is usually positively correlated with total dry matter accumulation (Uguru,

1998) and therefore any effect of temperature on total dry matter accumulation affects
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pod yield (Ono et al., 1974; Cox, 1979). High temperature has been reported to reduce
partitioning of dry matter between roots and shoots (Wood, 1968) and between vegetative
and reproductive structures (Ong, 1986; Nigam et al., 1994). Partitioning has been
identified as the main cause for yield reductions in controlled environments (Wheeler et
al., 1997) and in field studies (Ntare et al., 1998). Wheeler et al. (1997) found that a daytime temperature of 45 °C reduced the harvest index by 50% compared to a control
temperature of 30 °C. Cregan and Yaklich (1986) reported that soybean cultivars
consistently showed maximal accumulation and partitioning of dry matter and suggesting
that these physiological traits are associated with agronomic improvement.

Temperature Effects on Soybean Development
Development is defined as a sequence of phenological events which are
influenced by the environment (Landsberg, 1977). Temperature is the most critical factor
affecting development. High temperature has major effects on plant development,
especially during the reproductive stage. Garner and Allard (1930) found that differences
in date of flowering of soybean genotypes were due mainly to differences in growth
temperature during growth.
Time to Set Flowering
The reproductive stages, from initiation of flower to anthesis, are considered to be
the most sensitive to any supra-optimal temperatures compared with any other crop
stages. The timing of flowering and pollination are important determinants of seed

number. Flowering occurs gradually toward the top of the main stem so that flowering,
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pod development, and rapid seed growth may occur simultaneously at different locations
within the plants (Spaeth and Sinclair, 1984).
The reproductive stages during development are critical in determining yield
potential. The number of flowers per plant plays an essential role in determining the yield
potential, i.e., sink size and seed filling. However, actual sink size is often limited by
environmental stresses. Thomas and Raper (1977) found that temperature controls the
number of flowers and pods in soybean. Also, Gross and Kigel (1994) reported a
decreased in the flower number and sensitivity of bean to high temperatures. Extreme
temperatures during the flowering period can have even more severe effects on fruit set in
many agronomic crops such as in cotton compared to plants grown at optimum
temperature conditions (Reddy et al., 1991, 1992), tomato (Peet et al., 1998; Sato et al.,
2002), soybean (Ferris et al., 1998), and cowpea (Ahmed et al., 1993). Extensive research
has been conducted on the chronology of flower and ovule development in soybeans
(Carlson, 1973; Kato et al., 1954; Pamplin, 1963; Prakash and Chan, 1976). Soybean
pods are set in 18 to 49 d between the first and last flower (Hansen and Shibles, 1978;
Dybing, 1994). In summary, soybean require 20-25 d for initiation of floral primordium
in axial of bract, and for sepal, petal, stamen and carpel differentiation depending on
temperature. Ovule initiation takes place 10 d before flowering and anther initiation starts
7 d before flowering. Pollen grains are normally mature one day before flowering.
Soybean genotypes differ in their time to flowering in response to temperature (Piper et

al., 1996). Bell et al. (1991) found that peanut plants grown at 33/23 °C temperatures
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flowered 2-3 d earlier than those at 33/17 °C.
Time to Pod Initiation
From the moment fertilization is complete, the fertilized ovary begins to elongate
into fruit, while the style and stigma dry out. Maximum pod length is reached rather
early in development, about 25 to 30 days after bloom (Andrews. 1966). Approximately,
30 days are required for pod maturation. Plants at optimum temperature produce more
nodes and axillary branches and more pods per node compared to high or low
temperatures (Thomas and Raper, 1977).
Temperature Effect on Flower and Pod Number
Flower Number
Soybean plant produces more flowers than can develop into pods. Genotypes
differ in their time to flowering in response to temperature. About 20 to 80% of the
flowers were reported to abscise based on various stresses (Hansen and Shibles, 1978;
Wiebold et al., 1981). Flower initiation was reduced by temperatures greater than 32 °C
(Borthwick and Parker, 1940) and seed formation was delayed at 40 °C (Pan, 1996;
Thomas et al., 2003) in soybean. Koti et al. (2005) reported that soybean genotypes
grown under high temperatures (38/30 °C) produced smaller and shorter flowers with
poor pollen germination compared to flowers at grown at a temperature of 30/22 °C.
Harmful effects of high temperature on flower number have been recorded in sensitive
crops and cultivars. For example, Peet et al. (1997) reported a 17% reduction 17% in
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flowers in tomato when plants were exposed to a mean temperature of 34 °C compared at
optimum temperature. In peanut, Bagnall and King (1991) reported that an increased
temperature increased flower production. Talwar et al. (1999) found similar results;
however, the increase was correlated with an increase in leaf numbers and plant dry
weight.
Pod Number
The yield component of a soybean crop is based on pod development and seed
filling, the two most sensitive stages in soybean (Sionit and Kramer, 1977; Korte et al.,
1983). Temperatures have a significant effect during the reproductive stage and seed
filling (Egli and Wardlaw, 1980; Gibson and Mullen, 1996). A temperature of 40 °C
results in adverse effects on growth rate, flower initiation and pod set for soybean
reproduction (Idso and Idso, 1994; Ziska and Bunce, 1997). Ferris et al. (1998) studied
the determinate soybean cultivar, ‘Fiskeby V’, and reported that the number of pods was
increased by 18% under elevated CO2 concentrations and high temperatures. Prasad et al.
(2000) reported pod number was reduced in peanuts by a high temperature of 38/22 °C.
High temperature at podding time reduced pod number by about 32% whilst high
temperature at flowering reduced pod number by only 22%.
Temperature Effect on Pollen, Stigma and Ovary
Pollen Viability
The viability of pollen has been defined as having the ability to live, grow,
germinate and germinate (Lincoln et al., 1982). Pollen viability and germination are

known as the most heat-sensitive stages among various developmental stages in crops

17

(Stone, 2001). Pollen viability and germination were shown to be the limiting factors
during fruit set under high temperatures in tomato (Peet et al., 1998), groundnut (Prasad
et al., 1999), and kidney bean (Prasad et al., 2002). Several tests have been developed for
a fast and comparable assessment of pollen viability such as staining rates after
incubation with fluorescein diacetate (FCR). Schueler et al. (2005) found that the FCR
was the most discriminating test for pollen germination. Pollen viability of other crop
plants has been studied using various staining techniques, such as 2-3-5-triphenyle
tetrazolium chloride (TTC) (Weaver et al., 1989), propionic caramine (Halterlien et al.,
1980), and 5-bromo-4-chloro-3-indolyle-galactoside (Bodo and Trognitz. 1991). Prasad
et al. (1999) assesses pollen viability by staining with TTC and reported that pollen
viability was reduced when pollen was exposed to night temperatures of 22 and 28 °C
with day temperatures increasing from 28 to 48 °C. High temperature conditions affected
development of pollen grains and reduced germination in the bell pepper; these
conditions could also possibly affect sucrose utilization in pollen grains (Aloni et al.,
2001). Dane et al. (1991) studied the effect of temperature on tomato pollen. Weaver et
al. (1989) reported that flowers that were exposed to temperatures over 35 °C have less
than 50% of pollen viability and at temperatures over 40 °C, the pollen was killed.
Pollen Germination
Even if pollen grains are viable based on a viability test, pollen must germinate,
the pollen tube must grow in length, and fertilization must occur for deed production. ElAhmadi and Stevens (1979) found that viability percentages are not necessarily
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correlated with successful fertilization of the ovary. In artificial in vitro medium, cotton
pollen grains started geminating in about 10 min (Kakani et al., 2005). Tolerance of both
pollen germination and pollen tube length to temperature could be used for selecting
genotypes for greater seed production in high temperature environments.
Temperature affects all aspects of plant growth and development. All biological
processes have nonlinear functions that have three coefficients of the cardinal
temperature: minimum (Tbase), optimum (Topt), and maximum (Tmax) temperatures
(Shaykewich, 1995). Cardinal temperatures for pollen and pollen tube growth parameters
have been reported for many crops as shows in Table 1. In groundnut, identifying crops
with high/low cardinal temperatures for key reproductive processes that may be
anticipated in current and future climate conditions may directly contribute to the seed
yield enhancement. That may help in defining cultural solutions and breeding strategies
to improve heat stress tolerance and may provide better cultivars for a given production
area. Previous studies have not reported cardinal temperatures (minimum, optimum and
maximum) for soybean reproductive parameters or determined whether genotypic
variation exists in pollen tolerance to temperatures. Various in vitro pollen germination
technique has recently become one of the most important screening methods for
screening crop cultivars for heat tolerance. In vitro pollen germination percentages have
been reported for several crops: 35% in apricot (Egea et al., 1992), 32% in bell pepper
(Erickson et al., 2002), 42% in avocado (Sahar and Spiegel-Roy, 1994), 44% in cotton
(Kakani et al., 2005), 56% in groundnut (Kakani et al., 2002), 68% in pigeon pea

(Jayaprakash and Sarla, 2001), and 64-76% in soybean (Gwata et al., 2003; Koti et al.,
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2005).
Table 1. Cardinal temperatures (Tbase, Topt, and Tmax) for pollen germination and
pollen tube length of various crop species from the literature.
Pollen germination

Crop

Tbase

Topt

Pollen tube length
Tmax

Tbase

Topt

Tmax

Reference

°C
Cucumber,
Cucumis sativus
Groundnut,
Arachis
hypogaea
Walnut,
Juglans sps
Snake melon,
Cucumis melo
Avocado,
Persea
americana
Cotton,
Gossypium
hirsutum

10

21

43

10

21

43

Matlob and Kelly (1973)

14.1

30.1

43.0

14.6

34.4

43.4

Kakani et al. (2002)

14

28

40

16

33

37

Luza et al. (1987)

10

37

48

10

32

48

Matlob and Kelly (1973)

15

25

-

-

-

-

15

31.8

43.3

11.9

28.6

42.9

Loupassiki et al. (1997)
Kakani et al. (2005)

Pollen Tube Length
The time for pollen germination and subsequent pollen tube extension required to
reach the ovary is measured in hours for soybean and groundnut to days in tree species
such as apple (Jefferies and Brain, 1984; Kakani et al., 2002). Unlike pollen germination
percentage, length of pollen tube required for fertilization depends on the length of the
style. Exposure to abotic stresses such as temperature may delay the pollen tube growth
and length. Table 1 shows cardinal temperatures for reproductive parameters for many
crops. Variation in in vitro pollen tube lengths have been reported in several crop species
(1000 to 1800 µm for corn – Binelli et al., 1985; 450 to 1400 µm for peanuts - Kakani et

20
al., 2002; 20 to 60 µm for muskmelon - Maestro and Alvarez, 1988 and 410 to 1400 µm
for cotton - Kakani et al., 2005).
Stigma Style and Ovule
Although male gametes are very sensitive to high temperature, little information
is available on its effect on female reproductive structures (Stigma, style, and ovule) and
on flower receptivity. Gross and Kiegal (1994) found lower fruit set due to lower in
female receptivity in common bean. Peet et al. (1997) concluded that high viability in
pollen grains does not ensure fruit set under high temperatures. Saini and Aspinall (1982)
reported that female sterility may have contributed to a decreased grain yield.
Approximately 35% of the heat-stressed ovaries contained abnormal embryos and their
stigmas had fewer pollen tubes reaching the ovary, decreasing the chances for successful
fertilization (Saini et al., 1983).
Screening for Heat Tolerance
Abiotic stresses, particularly higher temperatures and periodic episodes of heat
and drought, could exacerbate the effect on many aspects of crop growth and
development thereby reducing crop yield (Reddy et al., 1996). Different physiological
mechanisms may contribute to heat-tolerance in crops. Heat-tolerance metabolism is
indicated by higher photosynthetic rates, stay-green and greater membrane
thermostablility. Heat avoidance is indicated by canopy temperature depression. In any
crop improvement programs, the first and foremost requirement is to identify suitable
genotypes or lines to be used in breeding after assessing their tolerance to a particular

stress. Therefore, it is imperative to use cost effective and reliable techniques to screen
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available germplasm for various eco-physiological, morphological and reproductive traits
to assist their utilization in crop breeding programs. Breeding programs may measure
such traits to assist the selection of heat tolerant parents, segregating generations or
advanced lines (Reynolds et al., 2001).
Vegetative Parameters
Photosynthesis and Chlorophyll Fluorescence
The impacts of high temperature on photosynthesis and several other vegetative
growth parameters have been reviewed by Long (1991). Shibles et al. (1975) and Thomas
and Raper (1976) found that duration of the vegetative period in soybean was
significantly affected by high temperatures. Al-Khatib and Paulsen (1990) found that
high temperature decreased the period of photosynthetic activity in wheat. Extensive
studies have been conducted on the short-term and long-term effects of temperature on
physiological and cellular processes in plants. Short term effects include change in gene
expression, such as heat shock protein synthesis, are expected to occur in soybean
(Kimpel and Key, 1985). Longer-term include modification in the rate of carbon dioxide
assimilation and electron transport per unit leaf area, weakened cell carbon metabolism,
and finally, a reduced carbon and nitrogen partitioning within and between organs (Jagtap
et al., 1998). Thus, crops that are able to maintain cellular stability and crop production
despite heat stress may possess a high level of heat tolerance. High temperature has been
reported to damage photosynthesis before other processes in sensitive species (Berry and

Bjorkman, 1980; Edwards and Walker, 1983). Photosynthesis was depressed by supra-
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optimal temperatures in tropical cereal crops (Tashiro and Wardlaw, 1989). The thermal
stability of the photosynthetic system, however, differed markedly between species
(Havaux and Tardy, 1996). Therefore, photosynthetic rates are considered a good
indicator of thermotolerance in agronomic crops (Al-Khatib and Paulsen, 1984, 1990;
Harding et al., 1990; Rodríguez et al., 2000; Reynolds et al., 1994, 2000).
Chlorophyll fluorescence is a subtle reflection of primary reactions of
photosynthesis. Intricate relationships between fluorescence kinetics and photosynthesis
help our understanding of photosynthetic biophysical processes. This technique is useful
as a non-invasive tool in eco-physiological studies, and has been used extensively in
assessing plant responses to environmental conditions such as water stress, heat stress,
salt stress, and chilling stress in many crops (Havaux et al., 1988; Moffat et al., 1990;
Srinivasan et al., 1996; Sayed, 2003;). For example, in wheat, Reynolds et al. (1994)
found correlations between the photosynthesis rate and leaf chlorophyll content during
grain filling period in a warm environment. The incidence of heat stress during flowering
and early seed filling reduced leaf photosynthesis and seed yield in soybean (Sionit and
Kramer, 1977; Cure et al., 1983; Gibson and Mullen, 1996). A close relationship between
photosynthesis measured after flowering and the seed yield of soybean has also been
reported (Shibles et al., 1987; Egli and Zhen-Wen, 1991). Also, in soybean, Allen and
Boote (2000) reported an increase in yield by 33% due to increased photosynthesis, and
photosynthesis was shown to be correlated with heat tolerance.

Stomatal Conductance
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In the last few decades, breeding programs have resulted in the release of
germplasm adapted for high yielding genotypes but, paying no attention to specific plant
traits that might be conducive to higher yields. However, comparing high yielding lines
of any crop with low yielding lines shows clearly that many morphological,
physiological, and biochemical traits have been altered under hot environment. Amani et
al. (1996) used stomatal conductance as physiological screening method under irrigated
conditions and found a relationship under a range of climatic conditions. Lu et al. (1998)
found a remarkable positive correlation between increased yield and increases in stomatal
conductance. The higher stomatal conductance increases CO2 diffusion into the leaf and
favors higher photosynthetic rates that could in turn promote a higher biomass and crop
yield. Similarly, Al-Hamdani et al. (1991) found that stomatal conductance appears to be
a useful tool for screening sorghum genotypes at the vegetative stage. Stomatal
conductance plays an important role in the plant atmosphere water exchange and hence it
is a key parameter in many ecological models (Chen et al., 1999).
Vilhelmsen et al. (2001) reported that the heritability of stomatal conductance is
reasonably high. Therefore, to improve heat tolerance in current cultivars, including
discovery and exploitation of new genes was a target in breeding of agricultural crops for
higher crop production. Genetic options and the interaction of a wide range of
environmental factors determine the yield of soybeans. Screening methods have been
used to examine for high temperature during the vegetative growth such as cell
membrane thermostability, leaf chlorophyll, stomatal conductance, and photosynthesis.

Other methods can be used to screen during the reproductive stage such as pollen
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germination and pollen tube growth.
Cell Membrane Thermostability
Although resistance to high temperatures involves several complex tolerance and
avoidance mechanisms, the cell membrane is thought to be a site of primary
physiological injury by heat (Blum, 1988), and measurement of solute leakage from
tissue can be used to estimate damage to membranes. The technique of measuring the
amount of electrolyte leakage from leaf discs bathed in de-ionized water after exposure to
heat treatment was first used by Sullivan (1972) for screening heat-tolerance in crops.
Later modification to this method has also been proposed for specific crops. Therefore,
cell membrane thermostability has been used as one of the promising selection criterion
and an easy tool for screening crops for heat tolerance (wheat - Blum and Ebercon, 1981
and Saadalla et al., 1990; cowpea - Ismail and Hall, 1999; groundnut - Chauhan and
Senboku, 1996; chrysanthemum - Yeh and Lin, 2003, English ivy - Yeh and HSU, 2004;
rice - Tripathy et al., 2000, and Strawberry - Gulen and Eris, 2003). In soybean,
Martineau et al. (1979) used cell membrane thermostability as a screening method, but
with a limited number of genotypes. Shanahan et al. (1990) found that plants with higher
CMT yielded better than plants with lower CMT. Similarly, Fokar et al. (1998) and
Reynolds et al. (1994) found significant correlation between CMT and wheat production
grown in several locations. Ismail and Hall (1999) reported that a cowpea genotype with
tolerance to high temperature at flowering and pod-set had higher membrane stability
(lower electrolyte leakage) than the susceptible genotypes. In contrast, recent research

showed that CMT was not highly correlated with heat tolerance based on reproductive
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parameters as such as pollen germination and pollen tube length in groundnut (Kakani et
al., 2002; Craufurd et al., 2003) and in cotton (Kakani et al., 2005). However, CMT was
found to be positively and significantly correlated with biomass and yield under stress
conditions but not with biomass or yield under non stress conditions (ur Rehaman et al.,
2004).
Reproduction Parameters
Pollen Germination and Tube Length
Once pollen grain is dispersed from the anther; it remains an independently
functional unit and can be directly exposed to environmental stresses such as high
temperature. Any increase in temperature during that period can reduce viability and
germination resulting in lower fruit-set. Recently, Prasad et al. (1999, 2002) found good
correlations between pollen germination, and fruit-set and yield in kidney bean and
peanut. For higher seed establishment, pollen must be viable and stigma should be
accessible and receptive, a pollen tube must germinate, and fertilization should succeed.
In maize, a supra optimal temperature higher than 38 °C caused reduction in pollen
germination and pollen tube length resulting in lower yield (Dupuis and Dumas, 1990;
Stone, 2001). Tolerance of both pollen germination and pollen tube length to temperature
could be used for successful seed production. In vitro pollen studies for both pollen
germination and pollen tube length in groundnut and cotton genotypes showed that
genotypes varied in response to temperature for cardinal temperature: minimum (Tbase),
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optimum (Topt), and maximum (Tmax) temperatures, pollen germination percentage and
maximum pollen tube length (Kakani et al., 2002, 2005). The differences in these
cardinal temperatures have been used as screening techniques for tolerance or sensitivity
of cotton and groundnut genotypes to high temperature (Kakani et al., 2002, 2005;
Craufurd et al., 2003). To date, there have been no studies conducted to specifically
document in vitro pollen germination and pollen tube growth technique for screening
soybean genotypes to high temperatures. Also, there are no studies describing the
variation in cardinal temperatures for reproductive parameters in any soybean genotype
or whether genotypic variation exists in pollen responses to temperature.
Yields
The future projected climate is going to be warmer and global warming could
have tremendous and highly significant impacts on crop yield and production. Selection
for high temperature tolerance has also occurred in crops such as bean (Halterlein et al.,
1980), tomato (El-Ahmadi and Stevens, 1979) and soybean (Martineau et al., 1979;
Bouslama, and Schapaugh 1984). Soybean breeding programs developed some high
temperature tolerant genotypes which did not correlate well with high yields, as the
introduction of soybean into US is very recent, in 1900s and are derived from a small
number of ancestral parents (Carter et al., 1993). Egli and Wardlaw (1980) reported that
high temperature could decrease soybean yields by reducing rates of growth and lower
the period of seed filling. A modeling study found that the number of days from planting
to flowering or physiological maturity will increase at supra optimal temperatures due to
a decrease in reproductive developmental rates (Hoogenboom et al., 1995). Ismail and
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Hall (1998) reported that heat-tolerant cowpea genotypes produced less vegetative shoot
biomass and higher harvest index compared to heat-sensitive genotypes under very hot
conditions. Ferris et al. (1998) documented that grain yield of wheat declined by about
40% with higher temperatures. Nielsen and Hall (1985) found reduction in grain yield of
cowpea under field conditions is mainly due to reductions in pod-set and harvest index
under high temperature conditions. Peet et al. (1998) studied the effects of high
temperature on growth of tomatoes and found that reduced fruit number, fruit weight per
plant, and seed number per fruit were only 10%, 6% and 16%, respectively, at 29 °C
compared with those at 25 °C.

CHAPTER III
MATERIALS AND METHODS
Two experiments were conducted during the 2003 growing season to investigate
high temperature tolerance in soybean genotypes using in vitro pollen germination, pollen
tube length techniques and physiological processes. Experiment I was conducted in an
outdoor pot-culture facility under natural solar radiation and temperature conditions at
Mississippi Agricultural and Forestry Experiment Station, Mississippi State University,
Mississippi State, Mississippi, USA (33°28’ N, 88°47’ W). Experiment II was conducted
in sun-lit plant growth chamber facility known as the Soil-Plant-Atmosphere-Research
(SPAR) chambers at the same location.
Experiment I: Pot Culture Study
Experimental Conditions, Cultivars and Plant Husbandry
Forty-four genotypes of soybean, both conventional and genetically modified,
belonging to maturity groups III, IV, V, and VI and differing in tolerance to abiotic/biotic
stresses and determinacy were evaluated in Experiment I (Table 2). Seeds of the
genotypes were sown on 3 June 2003 in 12-L white polyvinyl chloride (PVC) pots filled
with fine masonry sand. The pots were 0.65 m tall and 0.15 m in diameter, with a small
aperture at the bottom to drain excess water. There were 10 pots (replications),
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2 plants per pot, for each cultivar. The pots were arranged in rows, 40 pots row , with an
-1

additional border row on each side. The pots were oriented east to west direction with
rows 1 m apart (Plate 1). Fifty percent emergence was observed 4 days later. Seedlings
were thinned to two plants pot-1 at 7 days after emergence. All pots were irrigated using a
Table 2. List of soybean genotypes studied in the present experiment with trade name,
maturity group (MG), growth type and determinacy.
Genotype
Williams 82
P 93B67RR
Stalwart
DK 3964RR
DP 3861RR
Maverick
DP 4748S
Progeny 4910
DK 4868RR
HBK 4920RR
DP 4690RR
RT 4809RR
AG 4403RR
DT 97-4290
DP 3478RR
SN93-6181
Stressland
AG 4902RR
DK 4965RR
DG 4950RR
DP 4331RR
DP 4933RR
SG 498RR
P 9594
DP 5110

MG
III
III
III
III
III
III
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
V
V

Special traits
Conventional
Roundup Ready
Conventional
Roundup Ready
Roundup Ready
Cyst nematode
Conventional
Conventional
Roundup Ready
Roundup Ready
Roundup Ready
Roundup Ready
Roundup Ready
Conventional
Roundup Ready
Conventional
Conventional
Roundup Ready
Roundup Ready
Roundup Ready
Roundup Ready
Roundup Ready
Roundup Ready
Conventional
Conventional

Determinacy
Indeterminate
Indeterminate
Determinate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Determinate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Indeterminate
Determinate
Indeterminate

Table 2. Cont. List of soybean genotypes studied in the present experiment with trade
name, maturity group (MG), growth type and determinacy.
Genotype
Hutcheson
DK 5366RR
HBK 5620RR
DP 5915RR
P 95B43RR
D68-0099
DG 5630RR
DP 5414RR
DP 5644RR
DP 5806RR
D68-0102
D88-5320
PI 416937
PI 471938
NTCPR 94
N94-7784
Arksoy
Centennial
Dare

MG
V
V
V
V
V
V
V
V
V
V
VI
VI
VI
VI
VI
VI
VI
VI
VI

Special traits
Conventional
Roundup Ready
Roundup Ready
Roundup Ready
Roundup Ready
Conventional
Roundup Ready
Roundup Ready
Roundup Ready
Roundup Ready
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
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Determinacy
Determinate
Determinate
Determinate
Determinate
Determinate
Non-nodulation
Determinate
Determinate
Determinate
Determinate
Nodulating
Glabrous
Determinate
Determinate
Indeterminate
Indeterminate
Determinate
Determinate
Determinate

31

Plate 1. General view of soybean genotypes grown outdoor in an experimental field at
R. Foil Plant Science Research Center, Mississippi State University, Mississippi
State, MS, USA (33° 28 N and 88° 47 W) during the 2003 growing season.

computer-controlled drip system with half-strength Hoagland’s nutrient solution (Hewitt,
1952) to maintain favorable conditions of water and nutrients. Insects were controlled, as
needed, using standard insect control procedures.
Measurements
Weather Variables
The maximum and minimum daily temperatures and daily total incident solar
radiation measured approximately 100 m from the experimental site were obtained from
weather archives from the Geosciences Department at Mississippi State University,
Mississippi State, Mississippi, USA.

Pollen Collection and Growth Medium
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As shown in plate 2 A to F, soybean flowers were collected randomly from plants
in each cultivar in the morning between 0900 and 1000 h, air dried for 2 h in a
temperature-controlled laboratory. Pollen was dusted onto the germination medium to
allow a uniform distribution of grains on the surface of the medium. The pollen
germination medium consisted of 15 g sucrose (C12H22O11), 0.03 g calcium nitrate
[Ca(NO3)2 4H2O], and 0.01 g boric acid (H3BO3) dissolved in 100 ml of deionized water
as per Gwata et al. (2003) with modifications (Salem et al., 2004). To this liquid medium,
0.5 g of agar was added and slowly heated on a hot plate. After the agar was completely
dissolved, 10 ml of the germinating medium was poured on three Petri dishes for each
genotype in each treatment and allowed to cool for about 15 min for the agar to solidify.
The plates were then covered and incubated at respective temperature treatments in a
Plate 2. Pictures showing various stages and procedures in collection of pollen and
pollen germination: (A) Soybean flower on the day of anthesis; (B)
collecting the flower, (C) air drying of pollen with flowers, (D) Petri dish
with media for pollen germination in the incubator, (E) germinated pollen
at optimum temperature conditions (30 °C) and (F) counting pollen
germination and measuring pollen tube length using light microscope.

A

B
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Plate 2. cont. Pictures showing various stages and procedures in collection of pollen
and pollen germination: (A) Soybean flower on the day of anthesis; (B)
collecting the flower, (C) air drying of pollen with flowers, (D) Petri dish
with media for pollen germination in the incubator, (E) germinated pollen
at optimum temperature conditions (30 °C) and (F) counting pollen
germination and measuring pollen tube length using light microscope.

C

D

E

F

temperature controlled incubator (Precision Instruments, New York, USA). Pollen was
gently sprinkled directly above the surface of the medium in each Petri dish.
Approximately, 1000 pollen grains were sprinkled on each Petri dish from about 10
flowers collected from 5 different plants. Three Petri dishes of each cultivar at each
temperature treatment were used as replications.

Temperature Treatments
The Petri dishes with medium containing pollen grains were incubated in the dark
at temperatures ranging from 15 to 50 °C with 5 °C intervals. As pollen did not germinate
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at 10 and 50 °C, additional incubation temperatures of 12.5 and 47.5 °C were included in
the study. As there were no differences between measured cabinet media and growth
cabinet set temperatures (Kakani et al., 2004), the set temperature of the growth cabinet
during pollen germination was used in the analysis.
Pollen Germination and Pollen Tube Measurements
Pollen germination was determined by directly counting the pollen grains
germinated on the medium, ten fields in each Petri dish, after 24 h of incubation. A
pollen grain was considered germinated when its tube length equaled the grain diameter
(Luza et al., 1987). Percentage pollen germination was calculated by dividing the number
of pollen grains germinated per field of view by the total number of pollen grains per
field of view, and expressed as percentage. Pollen tube lengths of 30 pollen grains,
selected randomly, from each Petri dish were measured by using an ocular micrometer
fitted to the eyepiece of the microscope after 24 h after the incubation. A total of 90
pollen tubes were measured for each treatment for each genotype.
Curve Fitting Procedures and Analysis
The maximum pollen germination (PG) and pollen tube lengths (PTL) recorded
after 24 h were analyzed by linear and non-linear regression models commonly used to
quantify pollen growth and developmental responses to temperatures (Kakani et al.,
2002). Quadratic and or bilinear equations were applied to data to determine the best-fit
models for pollen germination and pollen tube length processes. The best fit model was
selected based on regression statistics, R2 and root mean square (RMSD) values.

Accordingly, the cardinal temperatures were calculated from the fitted equations for all
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the genotypes. The quadratic equation best described the pollen germination response to
temperature whereas modified bilinear model described the best fit for pollen tube length.
The non-linear regression procedure, PROC NLIN, was used to estimate the
parameters of the quadratic and modified bilinear equations (SAS Institute, 1998). For
pollen germination, minimum temperatures (Tbase), optimum (Topt) and maximum
(Tmax) were estimated by the equations (1, 2 and 3) as follows:
PG = a + bT + cT2
Topt =

-b

(1)

2c

√ b2 – 4ac
Tbase =
-b+
2c

Tmax = -b -

√ b2 – 4ac
2c

(2)

(3)

Where, T is actual treatment temperature, and a, b and c are cultivar-specific constants
generated by SAS. For the pollen tube lengths, Topt was generated by the model (4) by
the SAS, and Tmax, and Tbase were determined by the equations of 5 and 6 (Kakani et
al., 2002) as shown below:
PTL = a + b1 (T – Topt) + b2×ABS (Topt – T)

(4)

Tbase =

Tmax =

a + (b2-b1) × Topt
b1 – b2

a - (b2-b1) × Topt
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(5)

(6)

b1 + b2

Photosynthesis Measurements
During flowering (40-50 DAE), net photosynthetic rates (Pn), stomatal
conductance (gs), and intercellular CO2 concentration (Ci) of the uppermost, fullyexpanded leaves from six plants in each treatment were measured between 1000 and
1200 h using a LI-6400 portable photosynthesis system (LI-COR Inc., Lincoln, Nebraska,
USA). When measuring Pn, gs and Ci, the photosynthetically active radiation (PAR),
provided by a 6400-02 LED light source, was set to 1500 µmol m-2 s-1, temperature inside
the leaf cuvette was set to 30 °C, relative humidity was adjusted to near ambient level,
and leaf chamber CO2 concentration was set to 360 µL L-1.
Cell Membrane Thermostability
The technique used to determine membrane thermostability (CMTS) was similar
to that developed by Sullivan (1972) and Martineau et al. (1979) with minor
modifications. Fully expanded leaves were collected from plants of all genotypes, and
two sets (Control, C and treatment, T) of 2.5 cm2 leaf discs from approximately 5
randomly selected leaves from 5 different plants were placed in the test tubes containing
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10 mL of de-ionized water. The leaf segments were thoroughly rinsed with three changes
of deionized water to remove electrolytes adhering to and released from the cut surface of
the segments. After final rinsing, the T set of tubes were drained, capped with aluminum
foil to prevent dehydration of tissue during heat treatment, and incubated in a hot water
bath at 50 °C for 20 min, while the C set of tubes were kept at 25 °C. After incubation, T
sets of tubes were brought to 25 °C and then both C and T sets of tubes with leaf discs
incubated at 10 °C. After 18 h of incubation, they were brought to 25 °C and then the
initial conductance was measured on the effluent of control electronic conductivity
(CEC1) and treatment electronic conductivity (TEC1) using an electrical conductivity
meter (Corning Checkmate II, Corning Inc., New York, USA). The effluent tubes
containing leaf discs were then placed in an autoclave at 0.1 MPa for 12 min to
completely kill tissue, releasing all the electrolytes. Tubes were then cooled to 25 °C and
final conductance was measured for the control set (CEC2) and heat treatment set
(TEC2). The CMTS resulting from the temperature treatments was estimated using the
following equation.
CMTS %= (1 – (TEC1/TEC2)) / (1-(CEC1/CEC2)) × 100
Photosynthetic Pigments
Leaf discs of 2.0 cm2 were collected from five recently fully expanded leaves and
placed in a vial with 4 mL of dimethyl sulphoxide for chlorophyll (Chl) extraction. Three
replicate leaves from three different plants were sampled in each treatment. The sample
vials were incubated at room temperature in dark for 24 h to allow complete extraction of
Chl into the solution. Absorbance of the extract was measured using a Pharmacia
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UltraSpec Pro UV/VIS spectrophotometer (Pharmacia, Cambridge, England) at 470, 648
and 664 nm to calculate concentrations of Chl a and Chl b (Chappelle et al., 1992). Total
leaf chlorophyll was estimated by summing Chl a and Chl b values.
Experiment II: Controlled Environment Study
Soil-Plant-Atmosphere-Research Units
Experiment II was conducted in four sunlit controlled environment facility known
as the Soil-Plant-Atmosphere-Research (SPAR) chambers (Plate 3). The SPAR facility
has the capability to precisely control temperature and CO2 concentration ([CO2]) at
predetermined set points for plant growth studies under near ambient levels of
photosynthetically active radiation (PAR). Details of operation and control of SPAR
chambers have been described by Reddy et al. (2001). Briefly, each SPAR unit consists
of a steel soil bin (1 m deep by 2 m long by 0.5 m wide), and a Plexiglas chamber (2.5 m
tall by 2 m long by 1.5 m wide) to accommodate aerial plant parts, a heating and cooling
system, and an environment monitoring and control system. The Plexiglas chamber is
opaque to solar UV radiation of below 385 nm but transmits 96.6 ± 0.5 % of incoming
PAR (wavelength 400–700 nm) (Zhao et al., 2003). During the experiment, the ambient
total solar radiation (285 – 2800 nm) measured with a pyranometer (Model 4-48, The
Eppley Laboratory Inc. Newport, Rhode Island, USA) was 21.2 ± 0.5 MJ m-2 d-1. The air
temperature and [CO2] in each SPAR unit were monitored and adjusted every 10 s
throughout the day and night.
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Plate 3. Soil-Plant-Atmosphere-Research (SPAR) units at Mississippi State, Mississippi
used in Experiment II during the 2003 growing season adapted from (Reddy et
al., 2003).

Plant Culture
Three soybean genotypes, Stalwart (Maturity group III, conventional, temperature
sensitive based on TSRI, will be discussed later, derived from Experiment I), Plant
Introduction (PI) 471938 (Maturity group VI, conventional, temperature intermediate
based on TSRI derived from Experiment I), and Deltagrow (DG) 5630RR (Maturity
group V, glyphosate-tolerant, temperature tolerant based on TSRI derived from
Experiment I) were selected to investigate high temperature effects on reproductive
potential of the genotypes. Seeds of the three cultivars were sown on 5 August 2003 in
pots filled with fine sand. Fifteen 2.5 L pots (five pots for each genotype) were arranged
randomly in each SPAR chamber. Plants were watered three times a day with half-

strength Hoagland’s nutrient solution (Hewitt, 1952) through an automated and
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computer-controlled drip system delivered at 0800, 1200 and 1600 h to ensure favorable
nutrient and water conditions for plant growth. Variable-density black shade cloths
around the edges of plants were adjusted regularly to match plant height in order to
simulate natural shading in the presence of other plants.

Treatments
The chambers were maintained at temperatures of 30/22 °C (day/night) up to 10
days after sowing (DAS). Thereafter, two chambers were set at each of the two
temperature treatments (30/22 and 38/30 °C) and two carbon dioxide treatments ([CO2]).
Air temperature in each SPAR chamber was monitored and adjusted every 10 s
throughout the day and night and maintained within ± 0.5 °C of the treatment set points
measured with shielded, aspirated thermocouples. The daytime temperature was initiated
at sunrise and returned to the nighttime temperature 1 h after sunset. Constant humidity
was maintained by operating solenoid valves that injected chilled water through the
cooling coils located outside the air handler of each chamber. These cooling coils
condensed excess water vapor from the chamber air in order to regulate relative humidity
at 60% (McKinion and Hodges, 1985).
Measurements
Flower and Pollen Parameters
Length of flower was measured from tip of the standard petal to the base of the
calyx on 20 fresh flowers randomly picked from five plants of each genotype. Mature
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anthers were collected from five different flowers from five plants a day before anthesis
to determine the number of pollen grains produced per anther. Pollen number was
counted by placing a single anther in a water drop on a glass slide and squashed with a
needle, and the pollen grains dispersed in the drop of water were counted (Bennett,
1999). Number of pollen from five anthers per cultivar under each treatment was
counted. Pollen germination and pollen tube lengths were measured as described in
Experiment I.
Pollen Morphology
Pollen morphology was studied in all three genotypes. Fresh flowers collected
between 1900 and 2100 h, each day before anthesis and stored in FAA (Formaldehyde:
Glacial acetic acid: Ethyl alcohol) solution were fixed in 3% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.2 overnight at 4 °C for scanning electron microscopic studies.
After fixation, specimens were rinsed in buffer, post-fixed in 2 % osmium tetroxide in 0.1
M phosphate buffer for 2 h, then rinsed in distilled water, dehydrated in an ethanolic
series, and critical point dried in a Polaron E 3000 Critical Point Dryer (Quorum
Technologies, Newhaven, UK). Specimens were mounted on aluminum stubs; sputter
coated with gold in a Polaron E 5100 sputter coater (Quorum Technologies), and viewed
in a LEO Stereoscan 360 SEM (LEO Electron Microscopy, Thornwood, NY, USA) at an
accelerating voltage of 15 kV. Images were recorded on Polaroid Type 55 film (Polaroid,
Cambridge, Massachusetts, USA).

Total Stress Response Index (TSRI) Calculation
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The total stress response index (TSRI) of each genotype was calculated as the
sum of eight relative individual stress response indices (SRI) maximum pollen
germination, maximum pollen tube length, and the three cardinal temperatures (Tmax,
Tbase, and Topt ) of pollen germination and pollen tube lengths. Individual stress
response indices were calculated as the value of each genotype divided by the maximum
value observed over all the genotypes.
Data Analysis
To test the significance of temperature and genotypes and their interactive effects
on all the flower and pollen parameters, data were statistically analyzed using analysis of
variance (ANOVA) by SAS procedures in both the experiments (SAS Institute, 1998).
The least significant difference (LSD) test at P = 0.05 was used to distinguish treatment
difference of the parameters measured. Genotypes were classified based on TSRI as
tolerant (>minimum TSRI + 3 standard deviation (stdev)), intermediate (>minimum TSRI
+ 2 stdev and <minimum TSRI + 3 stdev), and sensitive (>minimum TSRI + 1 stdev to
<minimum TSRI + 2 stdev) in experiment I. Since there were significant differences
between the two CO2 (360 and 720 µL L-1) levels at a given temperature treatment in
experiment II, the data were averaged and used for further analyses.

CHAPTER IV
RESULTS
Experiment I: Pot Culture Study
Growing Conditions
Through out the growing season, optimum water and nutrient conditions were
maintained. Insects were controlled, as needed, throughout the growing season. The
minimum, maximum and average temperatures during course of the experiment were
19.1 ± 3.3, 29.4 ± 3.4, and 24.2 °C ± 3.1, respectively (Fig. 2). During the pollen
collection and measurement period, the minimum temperature was 21.4 ± 1.6 °C, the
maximum was 31.3 ± 2.0 °C and the average temperature was 26.3 ± 1.5 °C (Fig. 2).
During the experiment, total solar radiation (285 to 2800 nm) measured with a
pyranometer (Model 4-48, The Eppley Laboratory Inc. Newport, Rhode Island, USA)
was 20.8 ± 0.5 MJ m-2 d-1 (Fig. 3).
Temperature Responses of Pollen Germination
Pollen grains, when incubated at optimum temperature on the in vitro germination
medium, started to germinate within 5 minutes on contact with medium. Figure 4 shows
the variation for pollen germination in response to temperature for 5 soybean genotypes.
For clarity, only data and the response functions of 5 different soybean genotypes that
showed variability for pollen germination in response to the three cardinal
43
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temperatures (Tbase, Topt, and Tmax) are presented in the figure. Genotypic differences
for both maximum percent germination and cardinal temperatures were observed (Table
3). There was a signification variation (P = 0.001) among genotypes in the maximum
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Figure 2. Air temperature condition from May 2003 to September 2003 at Mississippi
State Agricultural and Forestry Experiment Station, Mississippi State
University (MSU), located at 33° 28' N 88° 47' W. The two vertical bars from
left to right indicate sowing and terminate dates, respectively of the experiment.
Also, the flower collection period for pollen germination studies is indicated in
the figure.
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Solar radiation, MJ m-2 d-1
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Figure 3. Solar radiation from May 2003 to September 2003 at Mississippi State
Agricultural and Forestry Experiment Station, Mississippi State University
(MSU), located at 33° 28' N 88° 47' W. The two vertical bars from left to right
indicate sowing and terminate dates, respectively of the experiment. Also, the
flower collection period for pollen germination studies is indicated in the
figure.
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Figure 4. Typical pollen germination responses to temperature along with the fitted
quadratic lines of five soybean genotypes (DP 5110, Hutcheson, DK5366,
HBK 5620 and DP 5915).
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Table 3. Maximum pollen germination, cardinal temperatures, and standard errors for in
vitro pollen germination and regression coefficient (R2) of 44 soybean genotypes
in response to temperature. Maturity groups (MG) are also shown in the table.
Genotype
Williams 82
P 93B67RR
Stalwart
DK 3964RR
DP 3861RR
Maverick
DP 4748S
Progeny 4910
DK 4868RR
HBK 4920RR
DP 4690RR
RT 4809RR
AG 4403RR
DT 97-4290
DP 3478RR
SN93-6181
Stressland
AG 4902RR
DK 4965RR
DG 4950RR
DP 4331RR
DP 4933RR
SG 498RR
P 9594
DP 5110
Hutcheson
DK 5366RR

MG
III
III
III
III
III
III
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
V
V
V
V

Maximum
pollen
germination
(%)
79.5
70.1
75.7
84.8
84.6
85.1
84.7
87.5
88.9
92.9
89.2
82.1
90.9
84.3
82.0
73.0
80.4
75.3
76.5
84.8
79.4
82.8
84.4
79.6
83.6
83.3
83.6

Cardinal temperature (°C)†
Tbase

Topt

Tmax

R2

13.1 ± 0.1
14.0 ± 0.1
11.8 ± 0.4
13.9 ± 0.0
14.2 ± 0.1
14.4 ± 0.1
14.6 ± 0.0
14.4 ± 0.1
13.9 ± 0.2
14.2 ± 0.1
14.2 ± 0.0
13.2 ± 0.1
14.5 ± 0.0
14.4 ± 0.0
14.0 ± 0.0
14.4 ± 0.1
15.2 ± 0.0
13.7 ± 0.1
14.8 ± 0.1
14.8 ± 0.1
14.2 ± 0.1
12.3 ± 0.2
14.3 ± 0.3
13.4 ± 0.2
13.4 ± 0.2
13.0 ± 0.2
13.9 ± 0.3

29.9 ± 0.4
30.2 ± 0.0
28.9 ± 0.2
30.8 ± 0.1
30.5 ± 0.0
30.8 ± 0.1
31.2 ± 0.0
30.7 ± 0.1
30.3 ± 0.1
30.8 ± 0.1
30.8 ± 0.1
30.6 ± 0.5
31.0 ± 0.0
31.0 ± 0.0
30.7 ± 0.0
31.3 ± 0.1
31.6 ± 0.0
30.6 ± 0.1
31.7 ± 0.1
30.9 ± 0.0
30.9 ± 0.1
30.1 ± 0.0
30.7 ± 0.1
30.0 ± 0.2
30.4 ± 0.1
30.5 ± 0.3
30.8 ± 0.2

46.7 ± 0.6
46.5 ± 0.0
46.1 ± 0.0
47.6 ± 0.2
46.9 ± 0.1
47.2 ± 0.0
47.8 ± 0.1
47.1 ± 0.1
46.6 ± 0.1
47.4 ± 0.1
47.5 ± 0.2
48.0 ± 0.3
47.5 ± 0.0
47.6 ± 0.1
47.5 ± 0.1
48.3 ± 0.1
48.1 ± 0.1
47.5 ± 0.1
48.7 ± 0.2
47.1 ± 0.0
47.6 ± 0.1
48.0 ± 0.1
47.1 ± 0.1
46.6 ± 0.2
47.5 ± 0.1
47.9 ± 0.3
47.7 ± 0.6

0.94
0.91
0.97
0.96
0.94
0.96
0.95
0.95
0.98
0.91
0.97
0.98
0.94
0.94
0.93
0.96
0.96
0.94
0.96
0.96
0.94
0.92
0.94
0.98
0.87
0.94
0.96
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Table 3. Cont. Maximum pollen germination, cardinal temperatures, and standard errors
for in vitro pollen germination and regression coefficient (R2) of 44 soybean
genotypes in response to temperature. Maturity groups (MG) are also shown in
the table.

Genotype

MG

Maximum
pollen
germination
(%)

Cardinal temperature (°C)
Tbase

Topt

Tmax

HBK 5620RR
V
80.7
14.3 ± 0.2 30.5 ± 0.2 46.7 ± 0.1
82.5
DP 5915RR
V
14.3 ± 0.3 30.4 ± 0.1 46.6 ± 0.1
75.2
P 95B43RR
V
14.6 ± 0.5 30.7 ± 0.2 46.8 ± 0.1
76.9
D68-0099
V
9.8 ± 0.3
28.2 ± 0.2 46.5 ± 0.1
85.2
DG 5630RR
V
11.4 ± 0.2 29.2 ± 0.1 47.0 ± 0.0
82.4
DP 5414RR
V
14.2 ± 0.2 30.3 ± 0.1 46.5 ± 0.0
87.3
DP 5644RR
V
11.7 ± 0.1 29.3 ± 0.1 46.9 ± 0.1
81.2
DP 5806RR
V
12.7 ± 0.1 29.9 ± 0.0 47.1 ± 0.1
80.4
D68-0102
VI
12.4 ± 0.1 29.5 ± 0.1 46.6 ± 0.1
74.3
D88-5320
VI
8.7 ± 0.1
27.7 ± 0.0 46.7 ± 0.1
79.1
PI 416937
VI
12.0 ± 0.1 30.3 ± 0.1 48.7 ± 0.1
83.2
PI 471938
VI
11.9 ± 0.3 29.4 ± 0.1 46.9 ± 0.0
78.2
NTCPR 94
VI
9.5 ± 0.1
28.0 ± 0.1 46.6 ± 0.0
84.0
N94-7784
VI
14.2 ± 0.1 30.4 ± 0.1 46.6 ± 0.0
78.0
Arksoy
VI
9.2 ± 0.5
28.2 ± 0.3 47.2 ± 0.1
83.2
Centennial
VI
13.7 ± 0.1 30.2 ± 0.1 46.6 ± 0.1
79.1
Dare
VI
12.7 ± 0.2 30.7 ± 0.1 48.6 ± 0.0
Mean
80.8
13.25
30.24
47.24
LSD
5.8
0.82***
0.43*** 0.44***
† Data are means of three replications. *, **, *** indicate significance at P = 0.05,
0.01and 0.001 levels respectively, and ns = Not significant

R2
0.92
0.92
0.95
0.90
0.95
0.96
0.94
0.98
0.91
0.96
0.97
0.98
0.97
0.93
0.95
0.96
0.90
0.947
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percentage of pollen germination which ranged from 93% in HBK 4920RR to 70% in P
93B67 with an average of value of 81% (Fig. 5).
The quadratic regression model provided best-fit to predict genotypes pollen
germination response to temperature (Fig. 4). The regression parameters and regression
coefficient (R2) for pollen germination in response to temperature are presented in Table
3 and 4. The average R2 values for all the cultivars tested was 0.95 with minimum being
0.87 for DP 5110 and maximum being 0.98 for several cultivars, DK 4868, RT 4809,
P9594, DP 5806 and PI 471938 (Table 3). Similarly, the mean values for three cardinal
temperatures (Tbase, Topt, and Tmax) also varied significantly among genotypes for
pollen germination. The magnitude of Tbase ranged from 9.8 °C for D68-0099 to 15.1 °C
for Stressland, with an average of 13.2 °C. The Topt ranged from 27.7 °C for D88-5320
to 31.2 °C for DP 4748S, with an average of 30.2 °C. Similarly, the Tmax ranged from
46.1 °C for Stalwart to 48.7 °C for DK 4965, with an average of 47.2 °C. Among the
three cardinal temperatures for pollen germination, the Tbase showed the greatest
variability between the genotypes studied (Table 3 and Fig. 5). A strong and significant
correlation was observed between Tbase and Topt (R2 = 0.88; Fig 6). However, Topt was
slightly correlated to Tmax (R2 = 0.31; Fig 7). No significant correlation was found
between Tmax and Tbase values for pollen germination (Fig. 8).
Temperature Responses of Pollen Tube Length
Pollen tubes remained stable in the in vitro media even after 24 h of incubation at
various temperatures (Plate 4). The pollen tube growth response to temperature for five
genotypes, DP 5110RR, Hutcheson, DK5366RR, HBK5620 and DP 5915RR, which
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Figure 5. Cardinal temperature (Tbase, Topt, and Tmax) of 44 soybean
genotypes for pollen germination grouped based on their maturity group (MG)
from left to right.
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Table 4. Regression parameters and correlation coefficient (R ) for in vitro
pollen germination as a function of temperature of 44 soybean
genotypes. Maturity groups (MG) are also shown in the table.
Genotype

MG

Williams 82
P 93B67RR
Stalwart
DK 3964RR
DP 3861RR
Maverick
DP 4748S
Progeny 4910
DK 4868RR
HBK 4920RR
DP 4690RR
RT 4809RR
AG 4403RR
DT 97-4290
DP 3478RR
SN93-6181
Stressland
AG 4902RR
DK 4965RR
DG 4950RR
DP 4331RR
DP 4933RR
SG 498RR
P 9594
DP 5110
Hutcheson

III
III
III
III
III
III
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
V
V
V

A

Regression parameters†
B

-168.0 ± 1.8
-172.6 ± 3.7
-124.3 ± 5.1
-199.4 ± 0.4
-210.0 ± 2.8
-216.6 ± 5.2
-217.1 ± 0.5
-221.6 ± 2.1
-215.6 ± 5.3
-227.4 ± 4.3
-225.7 ± 2.2
-191.3 ± 5.6
-230.3 ± 0.9
-210.0 ± 3.1
-194.7 ± 2.1
-177.0 ± 0.6
-218.6 ± 2.3
-172.1 ± 1.6
-193.0 ± 4.2
-226.7 ± 2.5
-192.2 ± 2.6
-155.8 ± 2.5
-213.1 ± 5.8
-189.0 ± 3.8
-188.3 ± 6.0
-172.7 ± 3.4

16.4 ± 0.1
16.0 ± 0.2
13.2 ± 0.2
18.5 ± 0.0
19.3 ± 0.7
19.5 ± 0.3
19.3 ± 0.0
20.1 ± 0.2
20.1 ± 0.2
20.8 ± 0.2
20.7 ± 0.2
18.4 ± 1.3
20.7 ± 0.0
19.0 ± 0.2
18.0 ± 0.1
15.9 ± 0.0
18.9 ± 0.1
16.1 ± 0.1
17.0 ± 0.3
20.1 ± 0.1
17.6 ± 0.1
15.8 ± 0.1
19.3 ± 1.2
18.1 ± 0.5
18.0 ± 0.4
16.8 ± 0.1

C

-0.27 ± 0.01
-0.26 ± 0.01
-0.22 ± 0.01
-0.30 ± 0.01
-0.31 ± 0.01
-0.31 ± 0.01
-0.31 ± 0.01
-0.32 ± 0.01
-0.33 ± 0.01
-0.33 ± 0.01
-0.33 ± 0.01
-0.30 ± 0.01
-0.33 ± 0.01
-0.30 ± 0.01
-0.29 ± 0.01
-0.25 ± 0.01
-0.30 ± 0.01
-0.26 ± 0.01
-0.26 ± 0.01
-0.32 ± 0.01
-0.28 ± 0.01
-0.26 ± 0.01
-0.31 ± 0.01
-0.30 ± 0.01
-0.29 ± 0.01
-0.27 ± 0.01

R2
0.92
0.92
0.93
0.95
0.95
0.99
0.97
0.96
0.95
0.97
0.95
0.96
0.98
0.96
0.95
0.94
0.98
0.92
0.92
0.95
0.98
0.99
0.97
0.91
0.97
0.99
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Table 4. Cont. Regression parameters and correlation coefficient (R ) for in vitro
pollen germination as a function of temperature of 44 soybean
genotypes. Maturity groups (MG) are also shown in table. Maturity group
(MG) are also shown in the table.
Genotype

MG

DK 5366RR
V
HBK 5620RR
V
DP 5915RR
V
P 95B43RR
V
D68-0099
V
DG 5630RR
V
DP 5414RR
V
DP 5644RR
V
DP 5806RR
V
D68-0102
VI
D88-5320
VI
PI 416937
VI
PI 471938
VI
NTCPR 94
VI
N94-7784
VI
Arksoy
VI
Centennial
VI
Dare
VI
† Data are mean ± three observations.

Regression parameters
A
B
C
-198.4 ± 3.2 18.4 ± 0.2 -0.30 ± 0.01
-205.7 ± 6.3
18.7 ± 0.4 -0.30 ± 0.01
-210.0 ± 9.8
19.2 ± 0.8 -0.31 ± 0.01
-199.0 ± 3.9
17.8 ± 0.7 -0.29 ± 0.01
-106.0 ± 7.1
13.0 ± 0.3 -0.23 ± 0.01
-143.8 ± 6.4
15.6 ± 0.4 -0.26 ± 0.01
-209.0 ± 5.5
19.2 ± 0.3 -0.31 ± 0.01
-152.6 ± 4.7
16.2 ± 0.4 -0.27 ± 0.01
-165.0 ± 3.5
16.5 ± 0.3 -0.27 ± 0.01
-158.6 ± 4.2
16.2 ± 0.3 -0.27 ± 0.01
-85.2 ± 2.6
11.6 ± 0.2 -0.21 ± 0.01
-132.8 ± 2.9
13.8 ± 0.2 -0.22 ± 0.01
-151.8 ± 3 .3 16.0 ± 0.3 -0.27 ± 0.01
-101.1 ± 5.1
12.8 ± 0.3 -0.22 ± 0.01
-211.0 ± 2.4
19.4 ± 0.3 -0.32 ± 0.01
-95.4 ± 3.3
12.3 ± 0.6 -0.21 ± 0.01
-198.0 ± 2.1
18.6 ± 0.1 -0.30 ± 0.01
-153.7 ± 3.9
15.2 ± 0.2 -0.24 ± 0.01

R2
0.94
0.94
0.94
0.96
0.97
0.96
0.91
0.97
0.97
0.95
0.96
0.88
0.94
0.96
0.94
0.94
0.96
0.82
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Figure 6. Relationship between base temperature (Tbase) and optimum
temperature (Topt) for pollen germination of 44 soybean genotypes.
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Figure 7. Relationship between optimum temperature (Topt) and maximum temperature
(Tmax) for pollen germination of 44 soybean genotypes.
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Figure 8. Relationship between base temperature (Tbase) and maximum temperature
(Tmax) for pollen germination of 44 soybean genotypes.
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Plate 4. Pictures showing in vitro pollen germination of soybean at (A) low (20 °C), (B)
optimum (30 °C) and (C) high temperature conditions (50 °C).

(A)

(B)

(C)
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varied in their response to temperature is presented in Fig. 9. For clarity, only 5 genotype
data and the responses curves are presented in the figure. The genotypes were
significantly (P = 0.05) different in pollen tube growth response to temperature. The
maximum tube length of pollen observed at the optimum temperature for different
genotypes ranged from 524 µm in DP 5644RR to 380 µm in P 416937 with a mean of
437 µm (Table 5).
Unlike pollen germination responses to temperature, the modified bilinear model
best described the pollen tube length responses to temperature for all soybean genotypes
(Fig. 9). The regression parameters and regression coefficient (R2) for pollen tube length
in response to temperature are shown in Table 6. The regression coefficient (R2) varied
from 0.88 in DP 4933RR to 0.99 in DP5806RR and Dare. There were also variations for
pollen tube length among genotypes for the three cardinal temperatures (Table 5 and Fig.
10). Values for Topt ranged from 33.3 °C in Progeny 4910 to 39.5 °C in DP 5806RR,
with an average of 36.0 °C. The Tbase values ranged from 10.2 °C in Stalwart III to 14.3
°C in DP 4933RR, with an average of 12.1 °C. Similarly, Tmax also varied among the
genotypes which ranged from 45.3 °C in Williams to 48.5 °C in DK 4868RR, with an
average of 47.2 °C. On an average, the Topt was 5.8 °C higher for pollen tube growth
than the Topt for pollen germination (Table 3 and 5). The Tmin, and Tmax, however
were not much different between the two processes; the Tmin for pollen germination and
pollen tube growth were 13.2 and 12.1 °C, respectively while Tmax for the same
processes were 47.2 and 47.0 °C, respectively.

Unlike pollen germination responses to temperature, there were no significant
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correlations between Tbase and Topt or Topt and Tmax (Figs. 11 and 12). However, a

Pollen tube length, µm

500
DP 5110
Hutcheson
DK 5366
HBK 5620
DP 5915

400
300
200
100
0
10

20

30

40

50

60

Temperature, °C

Figure 9. Typical pollen tube length responses to temperature along with the
fitted bilinear equations of five soybean genotypes (DP 5110, Hutcheson,
DK5366, HBK 5620 and DP 5915).
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Table 5. Maximum pollen tube length, cardinal temperatures, standard errors for in vitro
pollen tube length and regression coefficient (R2) of 44 soybean genotypes in
response to temperature. Maturity groups (MG) are also shown in the table.
Genotype

MG

Maximum pollen
tube length (µm)

Williams 82
P 93B67RR
Stalwart
DK 3964RR
DP 3861RR
Maverick
DP 4748S
Progeny 4910
DK 4868RR
HBK 4920RR
DP 4690RR
RT 4809RR
AG 4403RR
DT 97-4290
DP 3478RR
SN93-6181
Stressland
AG 4902RR
DK 4965RR
DG 4950RR
DP 4331RR
DP 4933RR
SG 498RR
P 9594
DP 5110
Hutcheson
DK 5366RR

III
III
III
III
III
III
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
V
V
V
V

416
431
486
421
408
407
427
413
454
415
411
413
399
423
415
464
455
444
392
438
440
416
461
493
478
458
414

Cardinal temperature (°C)†
Tbase
Topt
Tmax
13.4 ± 0.4 34.2 ± 0.2 45.3 ± 0.1
10.5 ± 0.5 34.2 ± 0.4 47.2 ± 0.3
10.2 ± 0.3 34.6 ± 0.0 46.3 ± 0.1
11.7 ± 2.3 34.6 ± 0.1 47.1 ± 0.8
14.2 ± 0.0 38.5 ± 0.0 47.0 ± 0.0
12.4 ± 1.3 34.8 ± 0.0 45.8 ± 0.2
11.4 ± 0.1 34.7 ± 0.0 47.0 ± 0.0
10.9 ± 0.0 33.3 ± 0.0 48.2 ± 0.0
13.3 ± 2.0 34.9 ± 0.0 48.5 ± 0.4
13.3 ± 1.1 35.9 ± 0.1 48.3 ± 1.0
12.2 ± 0.0 34.5 ± 0.1 47.2 ± 0.0
10.5 ± 0.3 34.8 ± 0.1 47.2 ± 0.1
13.9 ± 0.0 36.0 ± 0.2 47.8 ± 0.0
10.7 ± 0.0 35.9 ± 0.0 48.4 ± 0.0
11.5 ± 0.0 35.6 ± 0.0 48.4 ± 0.0
11.4 ± 0.0 34.3 ± 0.1 47.7 ± 0.0
11.9 ± 0.3 33.4 ± 0.3 47.8 ± 0.3
13.0 ± 0.1 34.6 ± 0.0 47.7 ± 0.0
14.2 ± 0.0 36.9 ± 0.0 47.7 ± 0.0
10.4 ± 0.1 38.9 ± 0.0 47.5 ± 0.1
12.7 ± 0.0 34.5 ± 0.0 47.0 ± 0.0
14.3 ± 0.4 34.1 ± 0.1 47.0 ± 0.2
10.7 ±0.2 34.8 ± 0.0 47.4 ± 0.0
10.8 ±0.3 35.9 ± 0.0 47.1 ± 0.0
10.3 ±0.3 33.9 ± 0.1 48.3 ± 0.0
10.5 ±0.4 35.3 ± 0.0 47.7 ± 0.3
11.8 ±0.0 36.5 ± 0.1 47.9 ± 0.0

R2
0.93
0.89
0.96
0.94
0.94
0.95
0.95
0.91
0.92
0.90
0.91
0.91
0.97
0.93
0.95
0.93
0.92
0.95
0.91
0.95
0.96
0.88
0.95
0.98
0.95
0.96
0.99
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Table 5. Cont. Maximum pollen tube length, cardinal temperatures, standard errors for in
vitro pollen tube length and regression coefficient (R2) of 44 soybean
genotypes in response to temperature. Maturity groups (MG) are also shown in
the table.
Genotype

MG

HBK 5620RR
DP 5915RR
P 95B43RR
D68-0099
DG 5630RR
DP 5414RR
DP 5644RR
DP 5806RR
D68-0102
D88-5320
PI 416937
PI 471938
NTCPR 94
N94-7784
Arksoy
Centennial
Dare
Mean

V
V
V
V
V
V
V
V
VI
VI
VI
VI
VI
VI
VI
VI
VI

Maximum pollen
tube length (µm)
406
481
422
445
499
422
524
488
452
382
380
457
439
385
457
492
441
437

Cardinal temperature (°C)
Tbase
Topt
Tmax
10.1 ± 0.1 37.1 ± 0.1 47.0 ± 0.0
11.5 ± 0.2 34.6 ± 0.1 47.3 ± 0.0
11.1 ± 0.1 39.5 ± 0.1 47.2 ± 0.0
14.1 ± 1.5 33.8 ± 0.0 43.7 ± 0.1
12.9± 1.0 39.3 ± 0.0 46.5 ± 0.0
13.9 ± 0.0 36.1 ± 0.0 47.6 ± 0.0
10.3± 0.3 39.5 ± 0.1 47.2 ± 0.0
12.4 ± 1.8 39.9 ± 0.0 47.8 ± 0.4
11.7 ± 0.7 39.6 ± 0.2 47.6 ± 0.4
12.4 ± 1.2 39.8 ± 0.0 46.5 ± 0.1
10.2 ± 0.0 34.6 ± 0.0 47.1 ± 0.0
12.9 ± 0.0 38.1 ± 0.0 46.9 ± 0.0
14.0 ± 0.2 36.4 ± 0.1 46.2 ± 0.0
12.2 ± 0.3 37.3 ± 0.0 46.4 ± 0.0
11.4 ± 1.6 35.7 ± 0.2 46.4 ± 0.3
14.2 ± 0.6 34.5 ± 0.1 45.6 ± 0.7
11.9 ± 0.8 37.5 ± 0.0 46.4 ± 0.0
12.08
36.06
47.01

LSD
11.44
1.34*** 0.313***
0.48***
† Data are means of three replications. *, **, *** indicate significance at P = 0.05,
0.01and 0.001 levels respectively, and ns = Not significant

R2
0.97
0.99
0.95
0.93
0.96
0.92
0.96
0.99
0.98
0.97
0.93
0.93
0.94
0.95
0.95
0.98
0.99
0.94
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Table 6. Regression parameters and coefficient (R2) for in vitro pollen tube length as a
function of temperature of 44 soybean genotypes. Maturity groups (MG) are also
shown in the table.
Genotype

MG

Williams 82
P 93B67RR
Stalwart
DK 3964RR
DP 3861RR
Maverick
DP 4748S
Progeny 4910
DK 4868RR
HBK 4920RR
DP 4690RR
RT 4809RR
AG 4403RR
DT 97-4290
DP 3478RR
SN93-6181
Stressland
AG 4902RR
DK 4965RR
DG 4950RR
DP 4331RR
DP 4933RR
SG 498RR
P 9594
DP 5110
Hutcheson
DK 5366RR
HBK 5620RR
DP 5915RR

III
III
III
III
III
III
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
V
V
V
V
V
V

Regression parameters†
A
415.6 ± 10.6
430.6 ± 4.0
416.3 ± 0.1
421.5 ± 0.4
524.0 ± 1.8
457 ± 2.8
486.1 ± 2.8
420.9 ± 3.8
407.7 ± 1.6
406.8 ± 1.7
427.0 ± 5.2
412.7 ± 8.0
453.9 ± 3.1
437.5 ± 1.1
440.2 ± 3.2
460.6 ± 1.2
493.3 ± 1.5
481.1 ± 0.1
444.9 ± 1.2
499.3 ± 10.0
488.2 ± 0.1
408.7 ± 0.5
438.6 ± 4.0
415.2 ± 5.6
410.8 ± 3.0
412.8 ± 3.0
398.7 ± 5.5
423.3 ± 2.7
414.3 ± 7.6

B1
-8.6 ± 1.0
-7.6 ± 0.5
-9.2 ± 0.2
-7.7 ± 0.2
-20.3 ± 0.3
-10.4 ± 0.09
-9.2 ± 0.06
-4.7 ± 0.08
-5.4 ± 0.4
-7.4 ± 2.0
-7.2 ± 0.03
-8.0 ± 0.1
-8.6 ± 0.3
-8.8 ± 0.1
-8.0 ± 0.2
-7.1 ± 0.2
-5.7 ± 0.06
-7.2 ± 0.05
-10.7 ± 0.07
-20.0 ± 0.1
-8.3 ± 0.07
-5.4 ± 0.06
-8.2 ± 0.1
-10.2 ± 0.1
-5.6 ± 0.2
-8.3 ± 0.5
-9.5 ± 0.4
-13.4 ± 0.3
-7.3 ± 0.3

B2
-28.7 ± 0.3
-25.7 ± 0.5
-26.2 ± 0.2
-26.2 ± 2.1
-41.8 ± 0.2
-30.3 ± 1.1
-30.2 ± 0.1
-23.5 ± 0.2
-24.4 ± 1.4
-25.4 ± 0.8
-26.4 ± 0.2
-25.0 ± 0.5
-29.4 ± 0.4
-26.1 ± 0.1
-26.3 ± 0.3
-27.2 ± 0.08
-28.6 ± 0.06
-29.4 ± 0.07
-30.3 ± 0.1
-37.6± 0.3
-30.7 ± 0.05
-26.1 ± 0.3
-26.4 ± 0.2
-26.7 ± 0.4
-23.0 ± 0.3
-24.8 ± 0.5
-25.6 ± 0.4
-29.1 ± 0.2
-25.3 ± 0.4

R2
0.93
0.89
0.96
0.94
0.94
0.95
0.95
0.91
0.92
0.90
0.91
0.91
0.97
0.93
0.95
0.93
0.92
0.95
0.91
0.95
0.96
0.88
0.95
0.98
0.95
0.96
0.99
0.97
0.99
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Table 6. Cont. Regression parameters and coefficient (R2) for in vitro pollen tube length
as a function of temperature of 44 soybean genotypes. Maturity groups (MG)
are also shown in the table.
Genotype

MG

D68-0099
DG 5630RR
DP 5414RR
DP 5644RR
DP 5806RR
P 95B43RR
D68-0102
D88-5320
PI 416937
PI 471938
NTCPR 94
N94-7784
Arksoy
Centennial
Dare

Regression parameters

R2

A

B1

B2

V
V
V
V
V
V
VI
VI
VI
VI
VI

455.1 ± 3.4
422.2 ± 1.2
451.8 ± 1.5
382.3 ± 2.3
379.7 ± 0.6
422.1 ± 0.8
443.6 ± 34.3
391.8 ± 0.5
477.5 ± 3.8
457.6 ± 2.1
414.3 ± 3.1

-11.5 ± 0.4
-21.4 ± 0.3
-9.4 ± 0.1
-17.6 ± 0.08
-17.0 ± 1.6
-22.2 ± 0.2
-19.8 ± 0.8
-22.0 ± 0.03
-9.3 ± 0.2
-16.4 ± 0.1
-11.9 ± 0.2

-34.6 ± 1.4
-37.4 ± 0.5
-29.7 ± 0.1
-31.0 ± 0.2
-30.4 ± 0.8
-38.5± 0.7
-35.8 ± 0.8
-36.3 ± 0.6
-28.8 ± 0.2
-35.0 ± 0.1
-30.4 ± 0.2

0.93
0.96
0.92
0.96
0.99
0.98
0.97
0.93
0.93
0.93
0.94

VI
VI
VI
VI

406.7 ± 0.3
384.7 ± 7.6
456.6 ± 3.4
491.9 ± 4.0

-14.0 ± 0.06
-10.0 ± 0.6
-9.4 ± 0.2
-18.0 ± 0.2

-30.2 ± 0.2
-25.2 ± 0.7
-32.0 ± 1.0
-37.3 ± 1.0

0.95
0.95
0.98
0.99

† Data are mean ± three observations
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Figure 10. Cardinal temperature (Tbase, Topt and Tmax) of 44 soybean genotypes for
pollen tube length grouped based on their maturity group (MG) from left to
right.
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Figure 11. Relationship between base temperature (Tbase) and optimum
temperature (Topt) for pollen tube length of 44 soybean genotypes.
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Figure 12. Relationship between optimum temperature (Topt) and maximum
temperature (Tmax) for pollen tube length of 44 soybean genotypes.
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slightly negative correlation was obtained between Tbase and Tmax (Fig. 13) for pollen
tube length.
Maturity Group and Reproductive Parameters
There were significant differences between the maturity groups for maximum
pollen germination and pollen tube length and the cardinal temperatures for pollen
germination and pollen tube length (Table 7 and Figs. 14 and 15). The trends, however,
were not consistent among the maturity groups; i.e. with increasing or decreasing order
with increase or decrease in maturity groups.
Physiological Parameter and Pollen Parameters
Genotypic differences existed for physiological parameters such as
photosynthesis, stomatal conductance, intercellular CO2 concentration, total chlorophyll
and cell membrane thermostability. Total chlorophyll ranged from 53 µg m-2 in Stalwart
to 33 µg m-2 in DP 4748S with an average of 39 µg m-2 (Table 8). The cell membrane
thermostability also varied significantly among genotypes which ranged from 86% in DK
5366RR to 54 % in DP 4748S with an average of 72% (Table 8).
The photosynthesis differed significantly among genotypes which ranged from
27.9 µmol m-2 s-1 in D88_5320 to 40.6 µmol m-2 s-1 in P 93B67 with an average of 32.9
µmol m-2 s-1. Stomatal conductance ranged from 1.0 mol m-2 s-1 in DK 3964RR to 0.6
mol m-2 s-1 in P 95B43 with an average of 0.7 mol m-2 s-1 (Table 9). The intercellular CO2
concentrations ranged from 297 µL L-1 in Arksoy to 251 µL L-1 in DG 5630RR with an
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Figure 13. Relationship between base temperature (Tbase) and maximum
temperature (Tmax) for pollen tube length of 44 soybean genotypes.

Table 7. Cardinal temperatures for both pollen germination and pollen tube length
averaged over maturity groups of soybean genotypes with least significant
difference (LSD).
Maturity group

Parameter
III
Pollen germination, °C
Tbase
Topt
Tmax
Pollen germination, %
Pollen tube length, °C
Tbase
Topt
Tmax
Pollen tube length, µm

68

IV

V

VI

LSD

13.5± 0.4 14.16 ± 0.2 13.07 ± 0.4 11.58 ± 0.7 0.66***
30.1 ± 0.3 30.8 ± 0.1 30.0 ± 0.2 29.3 ± 0.4
46.8 ± 0.2 47.6 ± 0.1 46.9 ± 0.1 47.1 ± 0.3
82.3 ± 2.4 83.2 ± 1.2 83.4 ± 1.3 83.1 ± 0.7

0.38***
0.32***
2.54ns

12.1 ± 0.6 12.1 ± 0.3 11.6 ± 0.4 12.3 ± 0.4

0.77 ns

35.2 ± 0.7 35.1 ± 0.3 36.8 ± 0.7 37.0 ± 0.6

0.91***

46.4 ± 0.30 47.7 ± 0.1 47.1 ± 0.3 46.6 ± 0.2

0.42***

444 ± 17.2 447 ± 7.6

420 ± 7.7 436 ± 12.8 17.27***

*, **, *** indicate significance at P = 0.05, 0.01and 0.001 levels, respectively and
ns = Not significant.
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Figure 14. Maximum pollen germination of 44 soybean genotypes averaged across
maturity groups (MG). Error bars are mean ± S.E.
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Figure 15. Maximum pollen tube length of 44 soybean genotypes averaged across
maturity groups (MG). Error bars are mean ± SE.
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Table 8. Total chlorophyll and cell membrane thermostability of 44 soybean genotypes
measured between 40 and 50 days of emergence. Maturity groups (MG) are
also shown in the table.
Genotype

MG

Total
chlorophyll
(µg cm-2)†

Cell membrane
thermostabiity (%)†

Williams 82

III

39.9 ± 0.4

74.0 ± 4.3

P 93B67RR

III

34.5 ± 2.6

60.0 ± 5.7

Stalwart

III

53.3 ± 1.0

74.9 ± 2.1

DK 3964RR

III

44.6 ± 3.0

77.4 ± 4.0

DP 3861RR

III

37.1 ± 0.4

66.5 ± 4.6

Maverick

III

41.5 ± 0.8

67.4 ± 3.0

DP 4748S

IV

33.0 ± 1.8

53.8 ± 5.8

Progeny 4910

IV

34.6 ± 3.1

65.0 ± 6.7

DK 4868RR

IV

36.2 ± 0.4

67.4 ± 6.3

HBK 4920RR

IV

32.8 ± 2.1

57.8 ± 6.5

DP 4690RR

IV

33.8 ± 1.3

60.4 ± 2.3

RT 4809RR

IV

38.7 ± 0.4

69.4 ± 4.7

AG 4403RR

IV

40.0 ± 0.2

78.0 ± 3.8

DT 97-4290

IV

43.0 ± 1.3

67.5 ± 5.7

DP 3478RR

IV

40.7 ± 0.2

74.2 ± 3.1

SN93-6181

IV

36.8 ± 0.5

77.0 ± 5.4

Stressland

IV

41.8 ± 0.5

77.7 ± 4.0

AG 4902RR

IV

41.3 ± 2.3

73.4 ± 2.1

DK 4965RR

IV

41.0 ± 2.3

67.6 ± 5.0

DG 4950RR

IV

41.7 ± 0.6

77.0 ± 4.1

DP 4331RR

IV

42.5 ± 1.7

70.8 ± 4.2

DP 4933RR

IV

35.9 ± 1.3

58.7± 8.7

SG 498RR

IV

42.3 ± 0.6

70.4 ± 2.4

P 9594

V

37.2 ± 0.8

55.5 ± 5.8

DP 5110

V

39.6 ± 1.0

77.4 ± 5.1

Hutcheson

V

36.0 ± 0.2

73.4 ± 2.6

Table 8. Cont. Total chlorophyll and cell membrane thermostability of 44
soybean genotypes measured between 40 and 50 days of emergence.
Maturity groups (MG) are also shown in the table.
Genotype

MG

Total chlorophyll
( µg cm-2)

Cell membrane
thermostabiity (%)

DK 5366RR

V

40.7 ± 0.9

85.7 ± 2.5

HBK 5620RR

V

45.1 ± 4.6

82.4 ± 8.2

DP 5915RR

V

44.0 ± 2.6

78.3 ± 2.4

P 95B43RR

V

39.6 ± 2.5

74.7 ± 4.3

D68-0099

V

39.9 ± 0.6

76.0 ± 2.8

DG 5630RR

V

34.6 ± 0.5

74.0 ± 8.4

DP 5414RR

V

38.8 ± 1.1

75.2 ± 3.5

DP 5644RR

V

40.0 ± 1.8

77.3 ± 3.8

DP 5806RR

V

41.6 ± 0.9

77.2 ± 4.3

D68-0102

VI

34.0 ± 2.3

69.0 ± 1.9

D88-5320

VI

38.4 ± 0.6

81.4 ± 3.9

PI 416937

VI

38.4 ± 1.4

74.4 ± 2.0

PI 471938

VI

43.0 ± 1.4

65.2 ± 1.4

NTCPR 94

VI

43.7 ± 1.0

77.0 ± 2.8

N94-7784

VI

38.2 ± 4.0

70.6 ± 3.7

Arksoy

VI

36.8 ± 1.8

74.0 ± 4.4

Centennial

VI

36.0 ± 1.6

85.7 ± 2.7

Dare

VI

34.4 ± 0.5

83.6 ± 3.2

Mean

39.26

72.01

LSD

1.98***

6.88***

† Data are means of five replications. *, **, *** indicate significance at P = 0.05,
0.01and 0.001 levels respectively, and ns = Not significant
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Table 9. Physiological parameters (Photosynthesis, conductance and intercellular
CO2 concentration ) of 44 soybean genotypes measured between 40 and
50 days of emergence. Maturity groups (MG) are also shown in the table.
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Genotype

MG

Photosynthesis
(µmol m-2 s-1)†

Conductance
(mol m-2 s-1 )†

Intercellular
CO2 , (Ci µL L-1)†

Williams 82
P 93B67RR
Stalwart
DK 3964RR
DP 3861RR
Maverick
DP 4748S
Progeny 4910
DK 4868RR
HBK 4920RR
DP 4690RR
RT 4809RR
AG 4403RR
DT 97-4290
DP 3478RR
SN93-6181
Stressland
AG 4902RR
DK 4965RR
DG 4950RR
DP 4331RR
DP 4933RR
SG 498RR

III
III
III
III
III
III
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV

35.28 ± 3.3
40.68 ± 0.1
35.88 ± 1.1
36.60 ± 1.3
33.88 ± 1.1
34.94 ± 1.4
35.35 ± 2.4
36.00 ± 1.8
35.30 ± 1.5
34.73 ± 1.5
37.70 ± 1.2
36.80 ± 0.3
32.13 ± 1.8
31.00 ± 2.0
38.58 ± 1.6
35.38 ± 2.4
37.10 ± 1.1
29.98 ± 1.3
36.40 ± 2.6
34.05 ± 0.7
35.05 ± 1.1
35.00 ± 1.0
32.63 ± 2.8

0.70 ± 0.09
0.85 ± 0.02
0.80 ± 0.07
1.04 ± 0.06
0.83 ± 0.03
0.99 ± 0.1
0.77 ± 0 0.1
0.86 ± 0.07
0.71 ± 0.08
0.80 ± 0.07
0.79 ± 0.05
0.75 ± 0.1
0.74 ± 0.1
0.78 ± 0.09
0.92 ± 0.03
0.70 ± 0.04
0.90 ± 0.06
0.68 ± 0.1
0.82 ± 0.1
0.96 ± 0.05
1.01 ± 0.04
0.92 ± 0.03
0.99 ± 0.10

264.13 ± 9.6
267.75 ± 2.5
273.00 ± 6.3
289.00 ± 5.2
280.75 ± 0.9
289.60 ± 5.6
270.75 ± 11.1
279.75 ± 7.4
264.75 ± 4.8
274.75 ± 6.6
269 ± 2.9
264 ± 11.2
275.75 ± 7.2
280.33 ± 12
278 ± 0.8
264.25 ± 2.6
279 ± 4.0
271 ± 8.4
274 ± 6.3
289.50 ± 2.3
291.25 ± 4.1
285.25 ± 3.5
293.33 ± 6.5

Table 9. Cont. Physiological parameters Photosynthesis, stomatal conductance and
intercellular CO2 concentration) of 44 soybean genotypes measured between
40 and 50 days of emergence. Maturity groups (MG) are also shown in the
table.
Genotype

MG

P 9594
DP 5110
Hutcheson
DK 5366RR
HBK 5620RR
DP 5915RR
P 95B43RR
D68-0099
DG 5630RR
DP 5414RR
DP 5644RR
DP 5806RR
D68-0102
D88-5320
PI 416937
PI 471938
NTCPR 94
N94-7784
Arksoy
Centennial
Dare

V
V
V
V
V
V
V
V
V
V
V
V
VI
VI
VI
VI
VI
VI
VI
VI
VI

Photosynthesis
(µmol m-2 s-1)

Conductance
(mol m-2 s-1)

28.23± 1.8
33.93 ± 1.5
30.06 ± 2.7
31.87 ± 0.8
31.27 ± 1.1
30.73 ± 2.0
28.63 ± 0.5
31.77 ± 1.1
29.7 ± 0.5
33.08 ± 1.2
31.13 ± 1.1
34.0 ± 0.7
28.5 ± 0.3
27.9 ± 0.8
38.98 ± 0.6
33.33 ± 0.1
33.33 ± 2.2
30.63 ± 0.7
27.23 ± 4.8
29.63 ± 1.8
31.63± 2.0
32.90
2.54***

0.55 ± 0.06
0.78 ± 0.08
0.61 ± 0.1
0.62 ± 0.01
0.57 ± 0.09
0.64 ± 0.1
0.54 ± 0.05
0.61 ± 0.02
0.50 ± 0.01
0.88 ± 0.07
0.98 ± 0.08
0.92 ± 0.04
0.56 ± 0.06
0.82 ± 0.1
0.88 ± 0.05
0.74 ± 0.06
0.86 ± 0.06
0.77 ± 0.01
0.86 ± 0.08
0.95 ± 0.08
0.85 ± 0.06
0.76
0.10***
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Intercellular CO2
(Ci µL L-1)
262.33 ± 4.6
274 .5 ± 4.3
264.75 ± 10.0
261.67 ± 3.5
256.67 ± 10.0
267.25 ± 8.6
260.00 ± 6.0
263.00 ± 1.0
251.50 ± 2.1
286.75 ± 5.7
296.50 ± 6.4
286.75 ± 4.1
262.67 ± 9.4
292.0 ± 7.0
274.0 ± 2.8
272.50 ± 6.8
283.75 ± 2.2
282.25 ± 0.9
297.33 ± 5.7
297.33 ± 7.7
286.67 ± 6.3
273.23
10.87***

† Data are means of three replications. *, **, *** indicate significance at P = 0.05,
0.01and 0.001 levels respectively, and ns = Not significant
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average of 273 µL L (Table 9). The intercellular CO2 concentration (Ci) also varied
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among genotypes significantly from a minimum of 257 µL L-1 in HBK 5620 to a
maximum value of 297 µL L-1 in Arksoy and Centennial (Table 9).
When physiological parameters were regressed against pollen cardinal
temperatures, there were no significant correlations between these processes (Figs. 16 to
19). Similarly, there were no significant correlations between pollen tube growth cardinal
temperatures with either photosynthesis (Fig. 20) or stomatal conductance (Fig. 21). The
cell membrane thermostability and pigments also showed no meaningful correlation with
that of cardinal temperatures of pollen tube growth (data not shown).
Maturity Group and Physiological Parameters
Maturity groups III and IV had significantly higher photosynthetic rates compared
to maturity group V and VI. Similar trends in cell membrane thermostabilty were
observed between the maturity groups, almost 9% higher cell membrane thermostabilty
was observed in group V and VI compared with cell membrane thermostabilty of group
III and IV (Table 10). Even though, there were differences between maturity groups for
stomatal conductance, the trends were not consistent as with trends observed in
photosynthetic rates. Total chlorophyll and internal CO2 concentrations, however, were
not significantly different among the maturity groups (Table 10).

Classification of Genotypes Based on Total Stress Response Index (TSRI)
Total responses index calculated as the sum of all reproductive parameters such as
maximum pollen germination, maximum pollen tube length and cardinal temperatures for
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Figure 16. Relationship between photosynthesis and three cardinal temperatures
(base temperature, Tbase; optimum temperature, Topt and maximum
temperature, Tmax) for pollen germination of 44 soybean genotypes.
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Figure 17. Relationship between stomatal conductance and three cardinal temperatures
(base temperature, Tbase; optimum temperature, Topt and maximum
temperature, Tmax) for pollen germination of 44 soybean genotypes.
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Figure 18. Relationship between cell membrane thermostability and three cardinal
temperatures (base temperature, Tbase; optimum temperature, Topt and
maximum temperature, Tmax) for pollen germination of 44
soybean genotypes.
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Figure 19. Relationship between total chlorophyll and three cardinal temperatures (base
temperature, Tbase; optimum temperature, Topt and maximum temperature,
Tmax) for pollen germination of 44 soybean genotypes.
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Figure 20. Relationship between photosynthesis and three cardinal temperatures (base
temperature, Tbase: optimum temperature, Topt and maximum temperature,
Tmax) pollen tube length of 44 soybean genotypes
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Figure 21. Relationship between stomatal conductance and three cardinal (base
temperature, Tbase; optimum temperature, Topt and maximum temperature,
Tmax) for pollen tube length of 44 soybean genotypes.
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Table 10. Physiological parameters (Photosynthesis, stomatal conductance, intercellular
CO2 concentration, total chlorophyll and cell membrane thermostability)
averaged over maturity groups of soybean genotypes with least significant
difference (LSD).
Parameter
Photosynthesis, µmol m-2 s-1
Stomatal conductance, mol m-2 s-1
Intercellular CO2 , (Ci ) µL L-1
Total chlorophyll, µg cm-2
Cell
membrane thermostability, %

III

Maturity group
IV
V

VI

LSD

35.48 ± 1.1 35.30 ± 0.7 30.00 ± 0.9 29.07 ± 1.3 1.83***
0.824 ± 0.1 0.822 ± 0.0 0.662 ± 0.1 0.721 ± 0.1 0.09***
275 ± 5.1 274 ± 3.2 268 ± 4.7 276 ± 6.7 8.88ns
40.8 ± 3.0 38.5 ± 0.8 39.7 ± 0.8 38.8 ± 1.4 2.38ns
69.5 ± 2.4 68.8 ± 1.8 75.4 ± 1.3

74.9 ±2.4 4.49***

*, **, *** indicate significance at P = 0.05, 0.01and 0.001 levels, respectively and
ns = Not significant
pollen germination and pollen tube length varied significantly between genotypes (Fig.
22) and grouping of genotypes based on TSRI is presented in Table 11. Genotypes with
TSRI < 7.12 are classified as sensitive and genotypes with TSRI > values between 7.13
and 7.30 are classified as intermediate to high temperatures. The TSRI values for tolerant
genotypes were more than 7.31 (Table 11). Among the 44 soybean genotypes, 13
belonged to tolerant, 9 to sensitive and 22 to intermediate group.
The TSRI values, averaged across tolerant, intermediate and sensitive soybean
genotypes based on reproductive parameters were significantly different between groups
except for maximum pollen tube length and Tmax for pollen tube length (Table 12).
Physiological parameters such as photosynthesis, stomatal conductance, total chlorophyll
and cell membrane thermostability, averaged across tolerant, intermediate and sensitive
soybean genotypes based on reproductive parameters, were not significantly different
between the groups except for stomatal conductance (Table 13)

83

Experiment II: Controlled Environment Study

In order to understand the mechanisms of high temperature injury on reproductive
processes of soybean, three genotypes, one sensitive (Stalwart III), one intermediate (PI
471938) and one tolerant (DG 5630RR) from each group based on TSRI in Experiment I
were selected and were grown in controlled environments at optimum (30/22 ºC) and
high (38/30 ºC) temperatures. Optimum water and nutrient conditions were supplied,
three times a day, to avoid any stress conditions except for the temperature treatment
during the course of the experiment.

Total response index
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Figure 22. Total response index calculated based on pollen germination and pollen tube
length parameters and cardinal temperatures (Tbase, Topt, and Tmax) for
pollen germination and tube length of 44 soybean genotypes. Maturity group
(MG) is also shown in the figure.
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Table 11. Classification of soybean genotypes into tolerant, intermediate and sensitive
groups based on total stress response Index (TSRI) along with individual
score of TSRI values in parenthesis. The TSRI is the sum of individual
component responses such as maximum pollen germination, maximum pollen
tube length and cardinal temperatures for pollen germination and pollen tube
length.
Genotype classification based on TSRI
Tolerant
TSRI = 7.50-7.31
DP 5915 (7.31)
DP 4690 (7.31)
DG 4950 (7.34)
DG 5630 (7.35)
Tressland (7.34)
DP 5414 (7.39)
DP 5806 (7.40)
Centennial (7.44)
DK 4965 (7.45)
DK 4868 (7.45)
DP 3861 (7.47)
HBK 4920 (7.49)
AG 4403 (7.50)

Intermediate
TSRI = 7.14-7.30
Williams 82 (7.14)
Hutcheson (7.17)
DP 5110 (7.19)
Progeny 4910 (7.20)
P 9594 (7.21)
D68-0102 (7.22)
DP 3478 (7.22)
Dare (7.22)
N94-7784 (7.23)
SN93-6181 (7.23)
DK 3964 (7.23)
P 95B43 (7.24)
DP 4933 (7.25)
AG 4902 (7.25)
PI 471938 (7.26)
DT 97-4290 (7.26)
Maverick (7.26)
SG 498 (7.27)
DP 5644 (7.28)
DK 5366 (7.28)
DP 4748S (7.29)
DP 4331 (7.30)

Sensitive
TSRI = 6.76-7.11
D88-5320 (6.76)
Arksoy ( 6.82)
PI 416937 ( 6.87)
D68-0099 ( 6.90)
Stalwart III (6.91)
P 93B67 (6.97)
NTCPR 94 (6.98)
RT 4809 (7.07)
HBK 5620 (7.11)

Table 12. Maximum pollen germination, maximum pollen tube length and cardinal
temperatures for pollen germination and pollen tube length averaged across
tolerant, intermediate and sensitive soybean genotypes based on total stress
response index calculate from reproductive parameters.

Parameter

Genotype classification based on total stress response
index (TSRI)
Least significant
Sensitive Intermediate Tolerant
difference
(N=9)
(N=22)
(N=13)
(LSD)

Pollen germination, °C
Tbase
Topt
Tmax
Pollen germination, %
Pollen tube length, °C
Tbase

11.4 ± 2.15

13.6 ± 0.89 13.9 ± 0.97

1.06***

29.2 ± 1.12
47.1 ± 0.84
77.2 ± 3.51

30.8 ± 0.55 30.5 ± 0.67
47.4 ± 0.56 47.1 ± 0.65
81.9 ± 3.82 84.8 ± 4.60

0.60***
0.52 ns
3.19***

11.5 ± 1.63

11.7 ± 1.07 12.9 ± 1.20

0.98**

Topt

35.7 ± 1.87

35.8 ± 1.93 36.4 ± 2.10

1.57ns

Tmax

46.4 ± 1.09

47.3 ± 0.79 47.4 ± 0.77

0.68*

426.5 ± 34.8 439.5 ± 32.0 442.6 ± 38.0

27.45ns

Pollen tube length, µm
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*, **, *** indicate significance at P = 0.05, 0.01and 0.001 levels, respectively and
ns = Not significant
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Table 13. Physiological parameters (Photosynthesis, stomatal conductance and
intercellular CO2 concentration, total chlorophyll and cell membrane
thermostability) averaged across tolerant, intermediate and sensitive soybean
genotypes based on total stress response index (TSRI).

Parameter

Genotype classification based on total stress response
index (TSRI)
Least significant
Sensitive Intermediate Tolerant
difference
(N=9)
(N=22)
(N=13)
(LSD)
3.27ns
30.7 ± 6.24 33.3 ± 2.99 32.7 ± 3.95
0.13*
0.65 ± 0.19 0.80 ± 0.13 0.80 ± 0.17
3.12ns
40.5 ± 5.95 39.1 ± 3.27 38.5 ± 3.54

Photosynthesis, µmol m-2 s-1
Stomatal conductance, mol m-2 s-1
Total chlorophyll, µg cm-2
Cell
5.90ns
70.4 ± 9.36 72.3 ± 6.68 74.4 ± 7.53
membrane thermostability, %
*, **, *** indicate significance at P = 0.05, 0.01and 0.001 levels, respectively and
ns = Not significant
Flower Length, Pollen Production, Pollen Germination
and Pollen Tube Length

Flower lengths were significantly different between three genotypes, however
high temperature had little effect on flower length on any of the genotype (Table 14).
Irrespective of treatments, the average flower length was 9.35 mm across the genotypes.
On the other hand, high temperature treatment (38/30 ºC) significantly affected pollen
production in all the three genotypes studied compared to those plants grown in optimum
temperature conditions (30/22 ºC). Even though, Stalwart III which is classified as
sensitive genotype produced almost double the number of pollen grains at optimum
temperature compared to the other two genotypes which are classified as intermediate
and tolerant genotypes, the percent reduction at high temperature was much greater
(57%) in Stalwart III compared to the other two genotypes (23%). Similarly, pollen
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Table 14. Influence of temperature and its interaction on soybean flower morphology,
pollen production, pollen germination and length measured 60 days emergence.
Temperature treatments
30/22°C
38/30°C

Parameter
Genotypes
Response index
Pollen production (no. anther-1)
Stalwart III
-54.7
537±4.4
243±5.9
PI 471938
-19.5
285±9.5
229.5±7.4
DG 5630RR
-27.1
264±13.3
192.4±2.2
LSD G
16.05***
LSD T
13.10***
GXT
22.70***
Pollen germination (%)
Stalwart III
-72.8
81.8±2.7
22.2±1.8
PI 471938
-46.5
86.4±3.6
46.2±1.7
DG 5630RR
-47.7
82.3±2.9
43.0±6.2
LSD G
7.06***
LSD T
5.07***
GXT
9.98***
Pollen tube length (µm)
Stalwart III
-33.7
303±13
200.1±10.0
PI 471938
-17.7
310.7±10.0
260.1±9.0
DG 5630RR
3.3
220.8±10.6
230.6±10.0
LSD G
1.95***
LSD T
1.59***
GXT
2.76***
Flower length (mm)
Stalwart III
6.4
8.7±0.1
9.2±0.1
PI 471938
-4.1
9.8±0.1
9.4±0.1
DG 5630RR
1.6
9.5±0.2
9.7±0.3
LSD G
0.43*
LSD T
0.35ns
GXT
0.61ns
† Data are means of five replications. *, **, *** indicate significance at P = 0.05,
0.01and 0.001 levels respectively, and ns = Not significant
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germination percentage and pollen tube length were significantly more affected by high
temperature conditions in the sensitive and intermediate genotypes than in the tolerant
genotype (Table 14). Among the flower and pollen parameters investigated, pollen
germination was more sensitive to high temperature followed by pollen production per
anther, pollen tube length and flower size. In general, high temperature treatment
affected the sensitive genotype (Stalwart III) more than the other two genotypes classified
as intermediate (PI 471938) and tolerant (DG 5630RR).
Pollen Grain Morphology
Scanning electron microscopic images of pollen produced for plants grown in
optimum and high temperature conditions are presented in Plate 5 and 6. Pollen
produced from the plants grown at the optimum temperature conditions showed no
visible morphological differences between the sensitive, intermediate and tolerant
genotypes (Plate 5 A, C and E). When exposed to higher temperatures, pollen
abnormalities were observed in all three genotypes (Plate 5 B, D and F).
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Plate 5. Scanning electron microscopic images of pollen grains from pollen of three
genotypes, sensitive - III Stalwart III (A-B), intermediate - PI 471938 (C-D)
and tolerant - DG 5630RR (E-F) at optimal temperature of 30/22 ºC (A, C and
E) and supra optimal temperature of 38/30 ºC (B, D and F). The white line in
each picture is 20.00 µm in length.
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Plate 6. Scanning electron microscopic images of pollen grains surface from pollen of
three genotypes, sensitive - Stalwart III (A-B), intermediate - PI 471938 (C-D)
and tolerant - DG 5630RR (E-F) at optimal temperature of 30/22 ºC (A, C and
E) and supra optimal temperature of 38/30 ºC (B, D and F). The white line in
each picture is 2.00 µm in length.

The magnitude of the pollen morphological abnormalities, however, was more
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evident in the sensitive (Stalwart III) and intermediate (PI-471938) genotypes than in
tolerant (DG 5630 RR) genotype. In general, fewer numbers of pollen grains were
shriveled in the tolerant genotype for plants grown at high temperatures than for plants
grown under optimum temperature conditions. In addition, high temperature also
affected pollen size in the sensitive and intermediate genotypes than in the tolerant
genotype. A slight proportion of the pollen grains were shriveled under high temperature
for the intermediate genotype, PI 471938. Also, the pollen produced by the plants grown
in optimum temperature conditions were triporate, i.e., with three protruding apertures
(Plate 5 A, C and E) while the pollen produced in plants grown at the high temperature
conditions have fewer apertures in all genotypes (Plate 5 B, D and F); the effect being
greater in the sensitive and intermediate genotypes than in the tolerant genotype. When
observed under higher magnification, differences in pollen exine structure between the
three genotypes were also observed at high temperature condition than for plants grown
at the optimum temperature. In general, fewer columellae heads of the exine were
noticed at the high temperature conditions in the sensitive and intermediate genotypes
than in the tolerant genotype (Plate 6).
Discussion
Soybean, even though originated and domesticated in northeast parts of China, is
currently grown on all populated continents because of its plasticity to a wide range of
abiotic factors. However, most US genotypes were derived from a small number of
ancestral soybeans brought into the United States during the early twentieth century

(Carter et al., 1993). Soybean is also an important legume cash crop grown over 74.3
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Mha worldwide and 29.3 Mha in the United States for its oil and protein. In addition,
soybean is most widely seeded dicotyledonous crop every year, covering an estimated
9% of the contiguous US area. Furthermore, soybean has become increasingly important
model for other C3 annual plants because of its strong response to changes projected in
climate such as temperature and atmospheric CO2 concentration. Therefore, its future is
both critical to ecosystem services in the US and to global food security. Identifying
proper screening techniques and investigating intraspecific genetic variability to abiotic
factors such as temperature in soybean could be useful to select for optimal, high-yielding
cultivars not only in current environments, but also in for a future projected warmer
climate. This is the first study in soybean that targeted a large number of genotypes from
maturity group III to VI for intraspecific variability of pollen to temperature and to
correlate pollen parameters to physiological parameters.
Plant growth and development, particularly reproductive processes such as pollen
germination, pollen tube growth and fruit set are affected by temperature more than by
any other environmental factor. In the present study, in vitro pollen germination and
pollen tube growth was affected by temperature. Even though all 44 genotypes
responded to temperature similarly, intraspecific differences were observed for all pollen
germination and pollen tube growth parameters. This is the first report to show the
intraspecific variability in soybean to a wide range of temperatures even though several
others reported the influence of temperature on fruit set and seed yield of a given soybean
genotype (Baker et al., 1989; Allen and Boote, 2000).
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In the present study, significant differences in pollen germination were observed
among the genotypes. Pollen germination percentage observed in the present study was
between 70 and 95% with a mean value of 81%. Similar germination percentages in
artificial media were observed in several other crops: 35% in apricot (Egea et al., 1992),
32% in bell pepper (Erickson et al., 2002), 42% in avocado (Sahar and Spiegel-Roy,
1994), 44% in cotton (Kakani et al., 2005), 56% in groundnut (Kakani et al., 2002), 68%
in pigeon pea (Jayaprakash and Sarla, 2001), and 64-76% in soybean (Gwata et al., 2003;
Koti et al., 2005). Even though, it is not possible to duplicate the dynamic interactions
between pollen and pistil leading to germination, pollen tube extension and finally
fertilization, nevertheless, in many species in vitro pollen germination was robust under
experimentally defined conditions, rendering in vitro-based studies of relevance to the in
vivo situation. The pollen germination percentage at optimum temperature was much
higher than the reported values documented in several other species. Therefore, the high
percentage pollen germination observed at optimum temperature and pollen germination
response to temperature in the current study represents real genotypic variability which
can be used to screen genotypes for high temperature tolerance.
In this study, a quadratic model best described pollen responses of all soybean
genotypes to temperature. The average R2 values for the cultivars tested was 0.95 with
minimum being 0.87 and maximum being 0.98 showing the best fit to the data in this
study. For pollen germination response to temperature, use of linear and nonlinear
regression models such as quadratic, (Yan and Wallace, 1998), cubic or higher order
polynomials (Tollenaar et al., 1979), beta distribution (Yin et al., 1995) and bilinear

models (Omanga, 1994; Kakani et al., 2002, 2005) are not uncommon in the literature.
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Among the 44 genotypes tested, Arksoy belonging to the maturity group VI with
maximum temperature range (Tmax – Tbase = 38 °C) recorded wider temperature
adaptability and P 95B43RR, belonging to maturity group V with the lowest temperature
range (Tmax - Tbase = 32.2 °C) exhibited the lowest adaptability.
Similar to pollen germination, genotypic differences were also recorded for pollen
tube length. Maximum pollen tube lengths ranged from 380 to 524 µm with a mean of
437 µm which is similar to those recorded in the earlier studies in artificial germination
media for several other crops (1000 to 1800 µm for corn – Binelli et al., 1985; 450 to
1400 µm for peanuts - Kakani et al., 2002, 20 to 60 µm for muskmelon - Maestro and
Alvarez, 1988 and 410 to 1400 µm for cotton - Kakani et al., 2005). Unlike pollen
germination percentage, pollen tube length, however, depends on the length of the style
in real world situations. The average flower length of six soybean genotypes for plants
grown under optimum temperature (30/22 °C) conditions was 9.18 mm (Koti et al., 2005)
compared to 56.8 mm in cotton (Kakani et al., 2003) at the same growing conditions.
The average length of pollen tube growth observed in the present study was 437 µm
compared to 778 µm average pollen tube length observed in cotton. Therefore, the
observed differences in pollen tube lengths in the present study were reflecting the
genotypic variability in soybean.
Unlike pollen responses to temperature, modified bilinear model best described
pollen tube growth responses to temperature in all soybean genotypes similar to those
response functions observed in several other crops such as Chinese cabbage (Kuo et al.,

1981), common bean (Farlow et al., 1979), cotton (Kakani et al., 2005), cucumber
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(Matlob and Kelley, 1973), groundnut (Kakani et al., 2002), pigeon pea (Omanga et al.,
1995, 1996), snake melon (Matlob and Kelley, 1973), and sorghum (Craufurd et al.,
1998). This is the first study to quantify the responses of pollen tube length in response to
temperature in soybean, and also this is the first study to investigate the genotypic
variability in soybean.
In this study, significant differences in cardinal temperatures for pollen
germination and pollen tube length were recoded among soybean genotypes. The average
cardinal temperatures for pollen germination namely, Tbase = 13.2 °C, Topt = 30.2 °C,
and Tmax = 47.2 °C and pollen tube length namely, Tbase = 12.1 °C, Topt = 36.1 °C, and
Tmax = 47.0 °C are similar to those cardinal temperatures recorded in several other crops
such as groundnut for these two processes (Tbase = 14.1, Topt = 30.1, and Tmax = 43 °C
– Kakani et al., 2002), cotton (Tbase= 15.1, Topt = 31.4, and Tmax = 43.3 °C – Kakani et
al., 2005), and snake melon (Tbase = 10, Topt = 30, and Tmax = 48 °C (Matlob and
Kelley, 1973).
Genotypes exhibited variability in pollen tube growth responses to temperature in
soybean similar to other reports in several other crops such as cotton (Kakani et al.,
2005), groundnut (Kakani et al., 2002), common bean (Farlow et al., 1979) and snake
melon (Matlob and Kelley, 1973). Genotype DG 5950 RR had the highest Topt of 38.9
°C and this genotype had also the Tbase of 10.4 °C and Tmax of 47.5 °C, which were
only 0.3 °C higher than the lowest Tmin temperature recorded for HBK 5620RR and 1.0
°C lower than the maximum temperature recoded for DK 4868RR out of the 44

genotypes tested. Genotype DP 5110 belonging to maturity group V had the maximum
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temperature adaptability (Tmax – Tbase = 38 °C) compared to the P D68-0099 which
exhibited the lowest temperature adaptability (Tmax - Tbase = 29.6 °C) among the 44
genotypes tested. This is first study to report the cardinal temperatures for pollen
germination and pollen tube length in soybean genotypes. Also, Topt for pollen tube
growth, on an average, was 5.82 °C higher than the Topt for pollen germination
indicating that different processes will have different optimum temperatures. Similar
differences between Topt for these processes have been reported for groundnut (Kakani
et al, 2002) and cotton (Kakani et al., 2005). The differences between pollen
germination and pollen tube growth for Tbase and Tmax were very small in this study
similar to the observations recorded in other crops such as groundnut and cotton (Kakani
et al., 2002, 2005).
In the present study, there were significant differences between the maturity
groups for maximum pollen germination, and pollen tube growth, and the cardinal
temperatures for pollen germination and pollen tube length. The trends, however, were
not consistent among the maturity groups; i.e., with increasing or decreasing order with
increase or decrease in maturity groups. This is not surprising because since most of US
genotypes were derived from a small number of ancestral soybeans brought into the
United States during the early twentieth century (Carter et al., 1993). Therefore, breeders
might have had fewer options to select genotypes for heat-tolerance. That may be the
reason for the small differences between genotypes, particularly for cardinal temperatures
for both pollen germination and pollen tube growth. Further evidence to the narrow

range of heat tolerance in soybean was presented by Lobell and Asner (2003) who
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evaluated the relationship between climate variation and crop production on soybean
grown in the United States between the years 1982 to 1998. They reported that for every
1 °C rise in temperature, there was an average 17% decrease in yield. This will, to
certain extent, limit options for breeders to develop genotypes for future warmer climates.
Therefore, it is important to develop techniques to identify intrinsic and minute
differences in heat tolerance between genotypes. Furthermore, extreme climatic events
are forecast to be more frequent in the future (Mearns, 2000), and these extreme
temperatures have been shown to damage reproductive processes more drastically than
just a rise in season-long average temperature (Hall, 1992; Reddy et al., 1992, 1999).
Several physiological parameters have been used to identify genetic diversity for
heat-tolerance in crops such as wheat (Midmore et al., 1984; Rawson et al., 1986;
Wardlaw et al., 1989; Al-Khatib and Paulsen, 1990; Reynolds et al., 1994), Pima cotton
(Lu et al., 1998), and cowpea (Hall, 2004). In the present study, genotypic differences
existed for physiological parameters such as photosynthesis, stomatal conductance,
intercellular CO2 concentration, total chlorophyll and cell membrane thermostability.
However, there were no significant correlations between these processes with maximum
pollen germination, maximum pollen tube length and the three cardinal temperatures for
pollen germination and pollen tube length. Recent studies in cotton and groundnut
(Kakani et al., 2002, 2005) also support our findings that physiological parameters such
as cell membrane thermostability may not be a useful parameter for discriminating
genotypes for high temperature tolerance.
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Several different statistical methods/tools have been used to screen genotypes for
abiotic stresses such as high temperature. Among them, principal component analysis
(PCA), which examines relationships among several quantitative variables such as in this
study, has been used to identify genotypes for genetic diversity (Kakani et al., 2002,
2005). Genotypes will be classified into various groups of tolerance based on two to
three significant PCA scores. In this study, pollen germination and pollen tube growth
parameters (maximum pollen germination, maximum pollen tube length, and cardinal
temperatures for the processes) were utilized to identify genotypes for their genotypic
variability.
The total responses index (TSRI) derived as the sum of all reproductive
parameters varied significantly between genotypes. Therefore, TSRI was used to group
genotypes and genotypes with TSRI < 7.120 are classified as sensitive and genotypes
with TSRI > values between 7.13 and 7.30 are classified as intermediate to high
temperatures. The TSRI values for tolerant genotypes were more than 7.31. Among the
44 soybean genotypes, 13 belonged to tolerant, 9 to sensitive, and 22 to intermediate
group. The TSRI values, averaged across tolerant, intermediate and sensitive soybean
genotypes based on reproductive parameters were significantly different among groups
except for maximum pollen tube length and Tmax for pollen tube length (Figs. 23, 24 and
Table 12). However, the physiological parameters such as photosynthesis, stomatal
conductance, total chlorophyll and cell membrane thermostability, averaged across
tolerant, intermediate and sensitive soybean genotypes based on reproductive parameters
were not significantly different between the groups except for stomatal conductance
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indicating that physiological parameters measured at ambient conditions may not indicate
reproductive tolerance to high temperature conditions. The strong negative linear
relationship between day temperatures of 28 to 48 °C and fruit number, and fruit set,
pollen production, and germination in peanut by Prasad et al. (1999) also suggests that
pollen parameters are good indicators of a genotype’s survivability in high temperature
environments.
We hypothesize that TSRI is the best tool to find genotypic diversity in a large
number of genotypes, and thus the tolerant and susceptible genotypes differ markedly in
their performance to high temperature compared to their performance at optimum
temperatures. To understand mechanisms and to test the hypothesis, sensitive (Stalwart
III), intermediate (PI 471938) and tolerant (DG 5630RR) from each group, based on
TSRI in Experiment I, were selected and grown in controlled environments at optimum
(30/22 ºC) and high (38/30 ºC) temperatures. Optimum water and nutrient conditions
were supplied, three times a day to avoid any possible stress conditions except for the
temperature treatment during the course of the experiment.
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Figure 23. Mean pollen germination responses to temperature of sensitive, intermediate
and tolerant genotypes grouped based on total response index (TSRI).
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Figure 24. Mean pollen tube length responses to temperature of sensitive, intermediate
and tolerant genotypes grouped based on total response index (TSRI)
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All three genotypes showed no significant differences at optimum temperature,
but the magnitude of differences were more clear and significant when plants were grown
at high temperature condition. The sensitive genotype (Stalwart III) produced fewer
number of pollen grains per anther at high temperature than at optimum, with
significantly greater inhibition of pollen germination and shorter pollen tubes compared
to tolerant and intermediate genotypes (DG 5630RR and PI 471938). This confirms that
the first hypothesis of TSRI using pollen parameters is best to discriminate genotypic
variability of soybean to high temperatures. Pollen produced in the high temperature
condition in the heat-sensitive genotype reduced the chances of successful fertilization
compared to heat-tolerant and heat-intermediate genotypes which is similar to
observations of Talwar and Yanagihara (1999) in peanuts. Since pollen development
during various phases of micropspogenesis is more sensitive to abiotic stresses such as
high temperature (Peet et al., 1998; Prasad et al., 1999; Cross et al., 2003; Young et al.,
2004, Koti et al., 2005), any factor that affects prior to pollen formation may result in
pollen viability loss.
In this study, the morphology of pollen was affected more severely and
significantly in the heat-sensitive and heat-intermediate genotypes than in the heattolerant genotype at the high temperature. Pollen produced in the optimum temperature in
all three genotypes was triporate which act as exits for germinating pollen and also allows
the recognition of chemical signal(s) that initiate the extension of the pollen tube
(Heslop-Harrison, 1971) for successful fertilization. Heat-sensitive and heat intermediate
genotypes showed more flattened and collapsed pollen in the high temperature condition

than did the heat-tolerant genotype resulting in poor pollen germination at these
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conditions. High temperature (Cross et al., 2003; Koti et al., 2005) and water deficit
stress (Shen and Webster, 1986) during reproductive development have been reported to
cause similar abnormal exine with deeply pitted and smooth regions in soybean and
Linum ustiatissimum. Since exine originates from the tapetum (Dickinson and Porter
1976), any factor that disrupts normal pollen development will result in abnormal pollen
because of close association between tapetal layer and pollen development. Hightemperature induced early degeneration of the tapetal layer (Ahmed et al., 1993) may
contribute to more abnormal pollen production in the heat-sensitive and heat-intermediate
genotypes than in the heat-tolerant genotype. The exact physiological mechanisms
affecting poor pollen germination at high temperatures needs further investigation.
In conclusion, the sensitive nature of genotype tolerance to high temperature
under in-vitro conditions was confirmed by the in vivo study. Thus, a simple and reliable
technique has been established for screening soybean genotype tolerance to high
temperature. The narrow range of cardinal temperatures suggests that more exploration of
soybean germplasm is essential for developing soybean cultivars tolerant to current
extreme climatic events and to projected future warmer climates. In addition, the
identified cardinal temperatures and mean response functions could be incorporated into
crop models to increase the accuracy of soybean simulation models under current
extreme and projected future climates.

Summary and Conclusions
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Two experiments were conducted to identify genetic diversity for heat tolerance
in soybean. The objectives of the first experiment were to quantify the response of in
vitro pollen germination and pollen tube length to temperatures, determine cardinal
temperature of each genotype and classify them based on their tolerance to temperatures,
compare whether the observed genotypic variation in reproductive parameters to
determine if they are correlated to their vegetative parameters such as photosynthetic
rates, photosynthetic pigments and cell membrane thermostability, and classify genotypes
as tolerant, intermediate or sensitive to high temperature. The objective of the second
experiment was to identify the basis tolerance or sensitivity of the genotypes by growing
one tolerant, intermediate or sensitive genotype identified in the first experiment at
optimum (30/22 °C) and high (38/30 °C) temperature conditions in controlled
environment chambers.
The research showed that the response to high temperatures of in vitro pollen
germination and pollen tube growth parameters were different among soybean genotypes.
Curve fitting analysis showed that quadratic and modified bilinear models best described
the response to temperature of pollen germination and pollen tube growth, respectively.
The mean cardinal temperatures (Tbase, Topt, and Tmax), averaged over 44 genotypes,
were 13.25, 30.24 and 47.24 °C for pollen germination and 12.08, 36.06, and 47.01 °C
for pollen tube growth. The relationship between Tbase and Topt for pollen germination
was high indicating that genotypes with high Tbase also had higher Topt. The
relationship was weak between Tbase and Tmax and no relationship between Topt and

Tmax indicating that at supra-optimal temperatures, the pollen processes encounter a
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lethal temperature and fail to follow the non-linear response. On an average, the Topt for
pollen tube growth was 5.82 °C higher than the Topt for pollen germination. The Tbase
and Tmax, however, were not much different between the two processes; the Tbase for
pollen germination and pollen tube growth were 13.2 and 12.1 °C, respectively while
Tmax for the same processes were 47.2 and 47.0 °C, respectively. The study also showed
significant genotypic variability for physiological parameters studied such as maximum
photosynthesis, stomatal conductance, photosynthetic pigments and cell membrane
thermostability among soybean genotypes. However, no significant correlations between
the observed physiological parameters with any of the pollen or pollen tube growth
parameters such as maximum pollen germination, maximum pollen tube growth and the
cardinal temperatures for these two processes (Tmax, Topt, and Tmax) indicating that
physiological parameters measured under ambient conditions may not be useful to
identify reproductive tolerance to high temperatures in soybean.
Total response index (TSRI), the sum of individual responses of all pollen
parameters, differentiated genotypes and their tolerance to high temperature. Heattolerant genotype identified using TSRI technique was actually less sensitive to high
temperatures compared to heat-sensitive and heat-intermediate genotypes indicating that
pollen can be used as screening tool for heat tolerance.
In conclusion, the sensitive nature of genotypes tolerance to high temperature
under in vitro condition (Experiment I) was conformed by in vivo study (Experiment II)
Therefore, the pollen parameters can be used to screen soybean tolerance to high

temperature. The technique is simple and reliable. However, the identified high
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temperature tolerant genotypes, based on pollen germination, might be useful in soybean
breeding programs to develop cultivars tolerant to high temperatures both in current and
future warmer environments.
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